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(Summary  Report  and  Prospectus) 

On  the  basis  of  work  preceding  the  present  project,  thlvhypothesis  was 
proposed  that  predicts  the  possibility  of  developing  a  specific  biochemical 
methodology  capable  of  detecting  early  and  specific  signals  in  chromatin 
proteins  that  precede  cellular  toxicity  or  malignant  transformation,  caused 
by  toxic  agents  or  by  other  environmental  factors  (e.g.,  radiation).  This 
long-range  aim  has  been  approached^  during  the  presently  completed  grant 

period  by  ‘the  identification  of  covalent  .Modification  of  chromatin  proteins- 
by  a  specific  enzymatic  process  of  A0P*«*ibosylations  and  poly  (ADP)-ribosyla- 
tlon  to  be  the  most  probable  biochemical  area  that  can  signal  toxic  effects 
leading  to  either  cellular  damage  or  malignant  transformation.  The  experi¬ 
mental  basis  of  this  continuously  tested  working  hypothesis  is:  a.)  the  .• 
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^immunochemical  and  more  recently  chemical  localization  and  determination  of 
chromosomal  non-histone  proteins  as  specific  nuclear  acceptors  of  ADP-ribose 
and  of  its  polymers;  b.)  by  the  detection  of  specific  perturbations  in  ADP- 
ribosylations  of  non-histone  proteins  during  early  carcinogenesis,  development 
and  hormonal  influences,  biological  areas  that  are  recognized  to  express  ■' 
differentiated  cellular  processes.  Since  the  signals  obtained  during  early 
carcinogenesis,  development  and  hormone  actions  are  clearly  distinguishable, 
there  is  a  predictably  high  probability  that  highly  specific  macromolecular  ! 
mechanisms  will  become  identifiable  during  subsequent  research^ that  is  aimed  j 
to  discover  a  new  experimental  basis  for  the  discrimination  between  nuclear  I 
processes  connected  to  physiological  function  in  distinction  to  responses  to  j 
toxic  and  carcinogenic  Injuries.  The  specific  report  Is  presently  concerned 
with  the  following  results:  1.  Immunochemical  demonstration  of  the  sub- 
nuclear  distribution  of  (ADP-R)n.  identifying  non-histone  proteins  as  specific 
acceptors.  2.  Direct  chemical  methodology  that  identified  actin  as  one  of 
many  non-histone  proteins  as  an  ADP-R  acceptor.  ,3.  Chemical  demonstration  of 
increased  protein-ADP-ribosylation  during  early  precancerous  state.  4. 
Enzymological  demonstration  of  age-dependent  differences  in  poly(ADP-R) 
biosynthesis  in  Isolated  cardiocyte  nuclei.  5.  Hormonal  influences  of 
nuclear  ADP-ribosyations,  identifying  organ  specific  (cardiocyte  nuclei- 
speclfic)  inhibitory  effect  of  aldosterone  on  ADP-ribosylation.  6.  Inhibitory 
effects  of  hypophysectomy  and  adrenolectomy  on  nucle?r  poly  ADP-ribosylation. 
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of  immunoreactive 
diphosphoribose  n 
proteins  was  deter- 


The  mncromolccular  association! 
naturally  occurring  poiyadenosine 
>  4  with  histones  and  non-histone  1 
mined  with  the  aid  of  an  improved  liiethod  of  extraction 
of  poiyadenosine  diphosphoribose j  and  a  combination 
of  radioimmunoassay  and  molecular  filtration.  More 
than  99%  of  the  naturally  occurring  poiyadenosine  di¬ 
phosphoribose  n  >  4  was  present  inlrat  liver  in  covalent 


association  with  non-histone  proteins.  The  chain  length 
of  the  polymer  varied  between  n  m  4  and  n  »  34.  Less 
than  1%  of  naturally  occurring  poiyadenosine  diphos- 


phoribose  n  >  4  was  almost  evenly  i 
histone  fractions  fl,  f2a,  f2b,  and  f3 
phoribose  polymers  of  relatively 
were  also  detected  in  the  histone  f 
lent  association  of  poiyadenosine  di 
non-histone  proteins  was  demon 
chromatography. 

listributed  between 
.  Adenosine  diphos- 
long  chain  length 
ractions.  The  cova- 
phosphoribose  with 

r  “ 

Poiyadenosine  diphosphoribose,  the ) 
R,1  is  a  unique  natural  product  of  ec 
formed  from  NAD*  and  is  localized 
Mitochondria  contain  a  trace  amount 
adduct  that  is  also  derived  enzymatit 
Extensive  evidence  obtained  with  th 
chromatographic  and  electrophoretic 

iomopolymer  of  A  DP- 
Ikarvotic  cells  that  is 
in  the  nucleus  (1,  2). 
of  an  ADP-R-protein 
;ally  from  NAD*  (3). 
e  aid  of  a  variety  of 
techniques  applied  to 

several  types  of  cultured  cells  and  to  ahimal  tissues  supports 
the  view  that  poiyadenosine  diphosphoribose  exists  in  chro¬ 
matin  as  a  covalent  protein  adduct  (4-jl3).  This  conclusion  is 
substantiated  bv  the  fact  that  the  enzymatic  synthesis  of  the 
polymer  occurs  on  a  protein  primer  ( j,  2,  14).  Although  the 
precise  nature  of  the  bond  or  bonds  between  the  polymer  and 
proteins  remains  unknown,  it  is  generally  recognized  that  the 
protein-polvadenosine  diphosphoribos*  adducts  are  unstable 

*  This  work  was  supported  by  Grant  B(l-304  from  the  American 
Cancer  .Society,  Grant  AFO.SR-78-3698A  from  the  United  States  Air 
Force,  and  National  Institutes  of  Health  PrpgTam  1’roject  Grant  HL- 
6285.  The  costs  of  publication  of  this  articlelwere  defrayed  in  part  by 
the  payment  of  page  charges.  This  article  must  therefore  be  hereby 
marked  "advertisement"  in  accordance  with  18  U  S  C  Section  17  )4 
solely  to  indicate  this  fact. 

t  Present  address.  2nd  Dept,  of  Medicine.  Kyoto  Perfectual  Uni¬ 
versity  of  Medicine.  Hirokoji.  Kawaramachi,  Kamikvo-ku,  Kyoto  602. 
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1  The  abbreviations  used  are.  ADP-R.  adenosine  diphosphoribose. 
IgG,  immunoglobulin  G. 


at  alkaline  pH  (1,  2).  The  detection  of  fragments  of  free 
poiyadenosine  diphosphoribose  synthesized  in  vitro  by  iso¬ 
lated  nuclei  of  mouse  liver  does  not  necessarily  relied  condi¬ 
tions  which  exist  in  vivo  and  could  lie  an  artifact  of  isolation 

(15). 

One  of  the  fundamental  unresolved  problems  is  the  identi¬ 
fication  of  nuclear  proteins  which  are  susceptible  to  poiyaden¬ 
osine  diphosphoribosylation.  Histones  14-8)  and  non-histone 
proteins  HO,  12,  13)  have  been  reported  to  contain  covalently 
bound  oligo-  and  poiyadenosine  diphosphoribose  as  detected 
by  radioactive  labeling  techniques.  Identification  of  a  histone 
fl  dimer  joined  by  a  lfi  ADP-R-contntning  oligomer  tlfi.  17) 
appeared  to  confirm  the  acceptor  role  of  basic  nuclear  pro¬ 
teins.  On  the  other  hand  the  ADP-R  histone  fl  adduct  iden¬ 
tified  previously  as  a  schiff  base  (18)  was  shown  to  play  the 
role  of  an  elongation  primer  of  the  highly  purified  poiyaden¬ 
osine  diphosphoribose  polymerase  1 14).  implying  a  possibly 
different  biochemical  function  for  mono-  and  oligomeric  ADP- 
R- histone  adducts.  Highly,  purified  enzymes  |14.  19-21 1  syn¬ 
thesize  in  vitro  only  very  short  oligomers,  containing  an 
average  of  1  to  3.7  ADP-R  units  except  in  the  presence  of 
histone  fl-ADP-R  Schiff  base  (18),  whereupon  oligomers  of 
an  average  of  10  to  12  ADP-R  units  may  be  formed  114). 
Isolated  nuclei  of  pigeon  liver,"  however,  readily  synthesize 
polymers  of  an  average  chain  length  of  40  ADP-R  units  (22, 
24)  and  various  preparations  of  nuclei  from  rat  liver  and  calf 
thymus  under  certain  conditions  can  produce  polymers  of  an 
average  chain  length  of  65  ADP-R  units  (25).  Extrapolation  of 
these  results  to  in  vivo  conditions  tend  to  suggest  that  more 
complex  polymers  of  APP-U  may  be  formed  in  animal  tissues 
than  predicted  from  presently  known  in  vitro  enzymulogy. 
This  assumption  is  supported  by  the  discovery  of  branched  or 
cross-linked  poiyadenosine  diphosphoribose  (26). 

We  have  chosen  to  determine  the  poiyadenosine  diphos¬ 
phoribose  content  of  dilute  acid-soluble  and  -insoluble  pro¬ 
teins  of  rat  liver  because  it  would  be  anticipated  that  the 
macromolecular  distribution  of  the  polymer  under  in  vivo 
circumstances  would  reflect  a  physiological  condition.  In  con¬ 
trast  to  the  majority  of  attempts  to  quantitate  poiyadenosine 
diphosphoribose  by  radiochemical  analyses  only,  we  have 
recently  adopted  a  highly  specific  anti-polyadenosine  diphos- 

■  The  advantage  in  terms  of  specified  v  of  the  IgG  globulin  122)  over 
other  antisera  19,  23)  is  probably  traceable  to  the  unusual  nature  of 
pigeon  liver  nuclei  used  for  the  synthesis  »i  the  antigen.  Pigeon  liver 
nuclei,  as  distinguished  from  rat  liver  nuclei,  can  deaminate  nicotin¬ 
amide  to  nicotinic  acid.  thus,  the  expected  product  inhibition  of  ihe 
polymerase  reaction  bv  nicotinamide  is  minimized,  resulting  in  the 
synthesis  of  apparently  more  specifically  antigenic  poiyadenosine 
diphosphoribose. 
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phoribosu  Iu(i  (112)  for  (hi*  quantitative  analysis  of  the  | >< >  1  y - 
mer. ' 

Radioimmunoassays  for  polvadenosine  diphosphoribose 
have  been  described  by  others  (9,  2.1);  however,  the  antigens 
used  were  much  shorter  oligomers  than  employed  in  our  work 
(22).  and  antisera  were  significantly  less  specific  than  the  IgG 
(22).  This  difference  in  specificity  between  previously  devel¬ 
oped  antisera  (.2.1)  and  the  IgG  (22!  is  illustrated  by  the  fact 
that  displacement  binding  curves  by  ADP-U  oligomers  vary¬ 
ing  in  average  chain  lengths  between  ri  and  28  ADP-R  units 
were  dissimilar  (22).  whereas  no  such  variation  was  detectable 
with  the  IgG  (22).  With  our  radioimmunoassay,  the  quantity 
of  larger  than  tetrameric  polyadenosine  diphosphoribose  can 
be  determined  with  the  same  sensitivity.' 

The  present  report  is  concerned  with  the  determination  of 
polyadenosine  diphosphoribose  in  rat  liver  protein  fractions 
separable  bv  their  solubility  in  dilute  acids.  Special  efforts 
were  made  to  minimize  chemical  or  enzymatic  (I,  2,  27) 
reactions  which  would  result  in  a  loss  or  partial  degradation 
of  the  protein-bound  polymer  during  its  isolation. 

MATERIALS  AND  METHODS 

Male  Sprague  Dawlev  rats  of  200  g  body  weight  were  deprived  of 
food  for  24  h  prior  to  the  removal  of  livers  for  analyses.  After 
pentobarhitol  anesihosia  livers  were  immediately  freeze-clamped  in 
situ  with  aluminum  longues  kept  at  liquid  N..  temperature.  The  quick- 
frozen  liver  samples  were  either  freeze-dried  immediately  or  instantly 
fractionated  as  follows. 

/  [solution  ot  Acceptor-free  Immunorcnctive  Potyadenosine 

Diphosphoribose  from  Total  Rut  Lieer,  Acid  Extracts  and 
Sediments 

Freeze-dried  liver  powder  from  a  situ  freeze-clamped  organs  was 
prepared  as  described  122).  Two  grams  of  anhydrous  powder  were 
hoi.iogcnued  in  either  25  nil  of  57  HC!G.  or  50  nil  of  0.25. N  HC1  for 
;j  min  in  a  container  immersed  in  an  ice  hath,  with  Polvtron  homog- 
enizer  iBrinsmannl  at  half-maximal  speed.  The  homogenates  were 
stirred  mechanically  for  -70  min  at  0;C  (ice  hath)  and  the  insoluble 
sediment  was  separated  by  centrifugation.  Extracts  prepared  by  57 
HCIO,  were  centrifuged  at  1.100  X  g  for  TO  min  at  4°C.  whereas  0.25 
N  HC1  extracts  were  sedimented  at  (2,000  X  g  for  30  min  at  4°C.  The 
sediments  were  re-extracted  twice  exactly  as  described  for  the  first 
extraction  The  combined  extracts  were  concentrated  by  ultrafiitra- 
tion  lAmicoti  Diaflo.  UM-2  membranel  to  less  than  10  ml  volume  in 
an  ice  bath,  dialyzed  twice  at  4°C  against  4  liters  of  H.O  for  10  h.  then 
freeze-rlried.  The  freeze-dried  acid  extracts,  the  sedimer  is.  or  0.2  g  of 
unfractionated  total  dry  powder  were  digested  as  follows.  The  samples 
were  suspended  in  3  ml  of  N  NaOH  and  digested  for  24  h  at  3*  C. 
The  pH  was  adjusted  to  8.5  with  0  n  HCI  and  Tris  base  (approximately 
300  m.M.  final  concentration!  and  MgClj  was  added  to  a  final  concen¬ 
tration  of  10  mM.  Combined  digestion  with  DNase  (90  ug/ml.  EC 
3. 1.4. 5.  Sigma),  micrococcal  nuclease  (12  gg/ml;  EC  3.1.4. 7,  Sigma), 
and  alkaline  phosphatase  (30 gg/ml.  chromatographicallv  purified  EC 
3.1.3  1,  Worthington  Biochemicals)  was  carried  out  hv  incubation  for 
6  h  at  37°C.  At  this  time  the  incubation  mix  lures  were  recharged  with 
■  exactly  the  same  quantities  of  nucleases  and  the  incubation-digestion 
continued  overnight  a|  37‘3C.  EDTA  120  mM,  final  concentration), 
sodium  dodecyl  sulfate  (0.257,  final  concentration)  and  proteinase  K 
(Merck  Co.,  Germany,  supplied  by  Beckman  Co.;  1.7  mg/ml.  final 
concentration)  were  then  added  and  digestion  continued  for  12  h  at 
37‘C  with  vigorous  shaking.  At  this  ftep  the  acid-extractable  samples 
were  completely  digested  and  ready  for  phenol  extraction  (22).  The 
insoluble  material  present  in  the  digests  of  total  liver  powders  was 


'  Pulse  iaheli  ,g  of  rats  in  i  ire  with  (“Clribose  indicates  that  NAD* 
and  the  polymer  are  labeled  at  approximately  the  same  rates  (appar¬ 
ent  ti.t  of  nbose  incorporation  into  NAD*  and  the  polymer  is  2.7  and 
3.1  h.  respectively).  Differences  in  rates  of  labeling  of  polymers  of 
larger  and  smaller  molecular  weights  are  also  apparent,  suggesting 
differences  in  metabolic  turnover  of  polymers  with  different  molecular 
weights.  These  results  cast  doubt  on  the  adequacy  of  radiotabeling 
alone  as  a  measure  of  the  relative  quantities  of  poly  adenosine  di¬ 
phosphoribose  in  subnudear  protein  fractions  (unpublished  results). 
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*<dtitiented  hv  centrifugal  ion.  the  supernatant  was  saved,  and  the 
sediment  after  re-suspension  in  5  ml  of  5u0  mM  Tris-HO  Ipll  8.5) 
was  redigested  with  proteinase  K  for  12  li  at  37*C.  This  procedure 
was  repealed  two  to  five  limes,  resulting  in  completely  soluble  digests, 
which  were  combined.  All  digcsls  were  extracted  with  water-saturated 
phenol  (l  ml  of  phenol/.l  nil  of  digest),  lovers  were  separated  bv 
centrifugation  i.'l.tWO  rpm  for  It)  min),  and  ihe  phenol  phase  was  back- 
extracted  with  water  ll  ml  of  H.O/2  ml  of  phenol  extrncfl.  The 
combined  aqueous  tractions  weie  re-extracted  with  water-saturated 
phenol  the  second  time,  and  back-extracted  with  water  as  before.  The 
combined  aqueous  extracts  were  freed  front  phenol  with  water-satu¬ 
rated  diethyl  ether  (3  ml  of  ethcr/1  ml  of  original  digesti  and  the 
ether  phase  was  back-extracted  with  water  (I  ml  of  H.O/10  ml  of 
ether  fraction).  The  combined  aqueous  extracts  were  extensively 
dialyzed  (af4“C  for  24  h)  against  five  changes  of  100-fold  excess  H.O 
and  ;  hen  freeze-dried.  The  resulting  dried  sediment  containing  the 
extracted  polyadenosinc  diphosphoribose  was  dissolved  in  I  ml  of  1 
niM  phosphate  butfer  tpH  7.0*  and  the  radioimmunoassay  was  per¬ 
formed  by  the  nitrocellulose  membrane  filtration  technique  as  de¬ 
scribed  (221.  Storage  of  whole  frozen  liver  samples  at  -I.V’C  for 
several  days  or  isolation  of  nur'.-i  by  the  nonaqutous  technique 
described  earlier  122)  resulted  in  an  uncontrollable  variation  of  the 
immunoreaclive  polyadenosine  diphosphoribose  content,  indicating 
that  degradation  of  macromolecular  polyadenosine  diphosphoribose 
In  water  containing  i  issue  samples  can  take  place  either  during  storage 
or  during  the  elaborate  process  of  the  application  of  the  colloid  mill 
and  subsequent  density  gradients  in  organic  solvents  <22l.  For  this 
reason  the  more  rapid  and  conservative  extraction  procedure  used  in 
the  present  study  resulted  in  a  small  >r  dev  iation  in  analytical  results 
as  compared  to  <  .r  previous  repo*.  (22).  The  recovery  ol  poly-adeno¬ 
sine  diphosphoribose  n  -  40  added  to.acidic  extracts,  prepared  bv  the 
methods  deserthed  below  was  between  85  and  957.  compared  to  u 
recovery  of  83  to  1237  obtained  m  the  preceding  report  (22).  This 
indicated  that  the  apparent  variance  between  present  and  earlier 
results  was  due  to  the  previously  uncontrollable  decay  of  the  poly  mer 
within  tissue  sampies  rather  than  inconsistencies  in  the  radioimmu¬ 
noassay  itself. 

The  method  of  fractionation  of  acid-extractable  proteins  hv  ear- 
boxymethvlcellulo.se  chromatography  anti  by  organic  solvents  was 
adopted  from  standard  procedures  (28-J0i. 

It.  Quantitative  Determination  of  Polyadenosinc  Diphosphoribose 
n>4  in  Histone  Fractions 

A.  Carboxymethylcellulose  Column  Chromatography— T wo  grams 
of  dry'  powder  of  rat  liver  were  extracted  by  homogenization  in  the 
I’olvtron  instrument  three  limes  with  50  ml  of  0.25  N  HCI  .mil  the 
combined  extracts  were  concentrated  by  ultrafiltration  as  described 
under  I  above.  The  concentrated  extract,  about  7  5  ml  final  volume, 
was  dialyzed  overnight  against  4  lir*rs  of'0.1  .vt  sodium  acetate  buffer 
(pH  4.21  at  4°C  and  applied  to  a  carboxymethylcellulose  column  <2 
X  45  cm)  whiclj  had  been  equilibrated  with  the  same  buffer.  Non¬ 
histone  proteins  were  quantitatively  removed  by  the  equilibration 
buffer  as  followed  by  the  Brinkmann  t.'V  monitor  <*05  until  all  L'V- 
ahsorbing  material  (at  280  nm)  was  eluted  i'28>.  Histones  fl.  t'2.  and  fO 
were  eluted  stepwise  with  0.17  m  sodium  acetate  buffer  (pH  4.2) 
containing  0.42  M  NaCI.  0.01  N  HCI.  and  0.02  s  HCI.  respectiv  ely,  at 
a  flow  rate  of  about  30  ml/h  (8-mi  fraction/tubel.  Each  fraction 
containing  non-histone  pioteins  and  histones  fl.  f2.  anti  H  were 
dialvzed  overnight  against  distilled  water  and  then  freeze-dried.  The 
freeze-dried  samples  were  digested  and  assayed  as  described  under  I. 

B.  Separation  of  Histone  containing  Fractions  by  Organic  Sot- 
ienis — Two  grams  of  anhydrous  liver  powder  were  extracted  three 
times  with  57  HCIO.  and  the  combined  extracts,  after  concentration 
hv  ultrafiltration  (see  I).  were  treated  with  trichloroacetic  acid  (final 
concentration  207)  The  histone  11  fraction  was  precipitated  by- 
centrifugation  at  10.000  X  g  for  30  min  at  4°C.  The  sediment  remaining 
after  the  extraction  of  histone  fl  was  resuspended  in  30  ml  of  ethanol, 
homogenized  for  3  min.  kept  overnight  at  4°C.  and  then  sedimented 
.by  centrifugation  at  1.100  xy;  at  4CC.  After  two  additional  extractions 
with  20  mi  of  b  ’hanol,  the  combined  supernatants  were  concen¬ 
trated  by  vacuum  poration  to  about  10  nil  and  precipitated  hv  5 
volumes  of  cold  (0°C  acetone  and  0.35  ml  of  concentrated  HCI.  The 
precipitate,  after  separation  at  ID.OoO  X  g  tor  30  min  at  4'C.  was 
washed  once  in  acetone  and  redissolved  in  7  nil  water.  Ethanol  ami 
hydrochloric  acid  were  added  to  give  a  final  concentration  of  807  and 
0.25  N,  respectively.  The  solution  w  as  again  dialyzed  overnight  against 
200  ml  of  ethanoi  at  4°C.  After  repeated  dialysis  against  200  ml  of 
ethanol  for  4  h,  the  histone  f3  fraction  was  separated  by  centrifugation 
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al  1.100  x  fi  at  -TC,  the  supernatant  was  concentrated  in  rncun  to 
alxmt  10  ml.  ana  histone  t'2a  was  precipitated  by  I  volumes  «>f  cold 
acetone.  Histone  f2a  was  collected  by  cent nfugat inn  al  10.U00  x  g. 
The  remaining  sediment  following  ethanol  extraction  of  histones  P2a 
and  D  contained  histone  P2b  and  was  extracted  by  homogenization 
for  -l  min  in  10  ml  of  0.25  n  HCl  at  4°C.  The  homogenate  was 
centrifuged  at  1,100  X  g  and  the  sediment  was  re-extracted  three 
times  in  the  same  manner.  Histone  fib  was  precipitated  by  addition 
of  5  volumes  of  cold  (4°C)  acetone  and  collected  by  centrifugation  at 
10.000  x  g  at  4°C.  All  separated  histone  fractions  were  digested  uqd 
asKiyrd  as  described  under  I. 

C.  Determination  of  Polyadenosine  Diphosphoribose  Content  of 
Purified  Histone  fl — A  5'7  HCIO*  extract  from  18  g  of  anhydrous  rat 
liver  powder  was  prepared  ana  concentrated  to  approximately  10  ml 
as  described  under  l.  then  precipitated  with  trichloroacetic  acid  as 
described  under  l IB.  Pure  histone  fl  and  contaminant  non-histonc 
peptides  were  sedimented  by  centrifugation  at  10.000  x  g.  The  super¬ 
natant  was  dialvzed  overnight  extensively  against  water  and  freeze- 
dried.  The  precipitate  was  dissolved  in  2  mi  of  0.1  M  sodium  acetate 
buffer  of  pH  4  2  and  then  applied  to  a  carboxymethyiceliuiose  column 
(2  x  45  cm).  Non-histone  proteins  were  separated  by  the  buffer  and 
histone  fl  was  eluted  with  0.17  m  sodium  acetate  buffer  containing 
0.42  M  NaCl.  Non- histone  ana  histone  fractions  were  then  freeze- 
dried,  digested,  and  assayed  as  described  under  l. 

D.  ('ham  Length  Estimation  of  Naturally  Occurring  Polvadcnn- 
sine  Diphnsphonbose — Three  batches  of  in  n/m-synthesized  polv- 
ade nosine  diphnsphonbose  of  chain  lengths  averaging  54.  16,  and  12 
ADI’-K  units  were  prepared  i22).  The  elution  pattern  of  the  three 
samples  of  poly  adenosine  diphosphonbo.se  were  determined  on  a 
Sephadex  C-50  column  1 1  x  100  cm),  which  served  as  calibration  (Pig. 
2A).  Approximately  l  ^g  of  acceptor-free  endogenous  polyadenosine 
diphosphortbose  was  isolated  from  the  sediment  remaining  after 
extraction  with  0.25  s  HCl.  The  polyadenosine  diphosphortbose  iso¬ 
lated  from  the  non-histone  sediment  was  dissolved  in  2  ml  of  10  mM 
Tris-HCI  buffer,  pH  7.4,  containing  l  m  NaCl  and  applied  to  a 
Sephadex  Ci-50  column  11  x  100  cmi  which  had  been  equilibrated 
with  the  -a me  buffer  and  eluted  at  a  flow  rate  of  12  ml/h  iFig.  2B).  A 
5- ml  aliquot /fraction  was  collected.  The  contents  of  each  tube  from 
Tubes  7  through  25  were  dialyzed  overnight  against  HjO.  freeze-dried, 
digested,  and  assayed  as  described  under  l.  Purified  histone  fl  fraction 
was  obtained  from  30  g  of  liver  powder  as  described  under  IIC. 
Approximately  500  ng  of  polvadenosme  diphcsphoribose  present  in 
association  with  histone  fl  was  applied  on  a  Sephadex  C»-50  column 
and  eluted  in  the  same  way  as  described  above.  The  contents  of  three 
successive  tubes  were  combined  iTubes  8  through  12,  Tubes  15 
through  17.  and  Tubes  18  through  22),  dialyzed,  freeze-dned.  digested, 
and  assaved  as  described  under  I.  Results  are  shown  in  Figs.  2C 
Techniques  related  to  the  isolation,  molecular  filtration,  determina¬ 
tion  of  average  chain  lengths  of  polymers,  and  immunological  prop¬ 
erties  were  the  same  as  reported  in  the  preceding  paper  (22). 

Dihvdroxyboryl  affinity  chromatography  of  protein-bound  polv- 
adenosine  diphosphoribose  was  adopted  from  Havaishi  (31)  using  a 
phenylboronate  derivative  of  Bio-Gel  P-6  purchased  from  Bio- Rad. 

III.  Chromatography  of  Acid  insoluble  Protein*  on  Uihydruxy 
horonate  Affinity  Resin — One  gram  of  freeze-clamped  hver  was  ho¬ 
mogenized  in  20  ml  of  ice-cold  5 T  HCIO*  with  a  Polytron  i  Bnnkmanni 
homogenizer  at  half-maximal  speed  for  3  min.  The  resulting  homog¬ 
enate  was  centrifuged  at  1.100  x  g  for  50  min  at  4’C.  The  supernatant 
was  discarded  and  the  precipitate  was  washed  three  times  with  20  ml 
of  ice-<.oid  5'*  HClOi  to  remove  soluble  nucleotides.  The  precipitate. 
0.6  g,  was  dissolved  irf  5  ml  of  6  s  guanidine  hydrochloride  containing 
100  mM  Tris  base  and  the  pH  was  adjusted  to  8.2  with  6  n  KOH. 
during  continuous  mechanical  agitation.  The  suspension  then  was 
further  stirred  for  15  mm  at  room  temperature  and  centrifuged  at 
2.000  x  g  at  43C  fur  10  mm  to  remove  KCIOi.  The  resulting  clear 
supernatant  was  applied  to  a  column  t25  x  I  cmi  of  Affigcl  601  (Bio- 
Rad)  equilibrated  with  6  s  guanidine  hydrochloride.  100  mM  Tris.  pH 
8.2,  at  room  temperature  Ambient  conditions  were  used  since  pre¬ 
vious  experiments  had  shown  better  retention  of  polvadenosme  di- 
phosphonbose  n  *  34  on  the  column  at  25 °C  than  at  0-4 3  C  The 
column  was  washed  with  100  ml  of  equilibrating  buffer  at  a  flow  rate 
of  50  ml/h  This  removed  KNA.  UNA  and  the  bulk  of  protein 
containing  no  ADP-R  protein  adducts.  The  buffer  then  was  changed 
to  6  n  guanidine  hydrochloride.  100  mM  sodium  phosphate.  pH  5  9, 
and  the  column  was  eluted  with  125  ml  of  this  solution.  This  second 
eluate  was  concentrated  and  diafiltered  with  distilled  water  in  an 
Amicon  ultrafiltration  cell  using  a  UM-2  filter  at  4°C  overnight.  The 
resulting  solution  then  was  freeze-dned  and  resuspended  in  1  ml  of 


distilled  water  and  dissolved  by  adding  NaOH  to  a  Huai  concent  ration 
of  l  v  This  solution  was  stirred  lord  h  al  loom  lem|x*nture.  brought 
to  pH  8.1  with  l  n  HCl  and  im)  mM  Trts  buffer.  and  then  treated  as 
under  l  PoIn adenosine  diphosphoribose  was  determined  bv  the  im¬ 
munoassay  1 22). 

KF.SULTS  AND  DISCUSSION 

The  poly  adenosine  diphosphoribose  content  of  animal  tis¬ 
sues  is  subject  to  considerable  variation,  depending  on  the 
animal  species  assayed,  and  it  is  also  recognized  that  the 
polymer  undergoes  fairly  rapid  metabolism/  Even  within  one 
species,  analysis  of  the  immunoreactive  larger  than  tetramenc 
polymer  in  the  same  organ  can  yield  variable  results  unless 
the  rapid  extraction  technique  is  followed  (see  “Materials  and 
Methods  *).  Conditions  used  by  others  for  the  determination 
of  neutral  (pH  7.5)  hydroxylamine  sensitivity  of  histone  fl  and 
non-histone  protein-ADP-K  bonds  (32.  33)  do  not  assure  the* 
preservation  of  larger  than  tetrameric  polymers  because  in¬ 
activation  of  the  nolymer  degrading  cnzvmes  is  uncertain  (22). 
For  this  reason  we  avoided  these  techniques  in  our  extraction 
of  the  immunoreactive  jHilymer  from  acid-soiuhle  and  -insol¬ 
uble  proteins.  Following  the  procedure  described  under  “Ma¬ 
terials  and  Methods”  the  total  immunoreactive  larger  than 
tetrameric  polymer  content  of  rat  liver  was  found  to  he  9.121 
(S.D.  ±  850)  ng/g  dry  liver  powder  or  55b  (S  D.  ±  52i  ng/mg 
DNA.  or  about  1.500  ng/g  wet  liver  weight,  based  on  analyses 
of  20  rats. 

The  separation  of  naturally  occurring  protein-associated 
polvadenosme  diphosphoribose  into  acid  i:Vc  HClOi  or  0  25 
s  HCB-soluble  and  -insoluble  fractions  is  illustrated  tn  Flow 
Sheet  1.  As  shown  in  Table  I.  the  5 T  HCIO,-  or  0.25  N  HCl* 
soluble  protein-associated  polymer  comprises  only  0.9  or  l.fW. 
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Separation  of  protein  bound  polvadenosme  riiphimphonluvu*  of  rat 
liver  into  ac id-soluble  and  -insoluble  (sediment)  fractions  bv  methods 
described  under  “Materials  and  Methods.”  Kach  value  is  the  average 
of  two  analvses. 


Extracting  acid 

Pol vadr amine  diphojmfmnbe**  n 

>  4 

SujHTtiatani 

Sediment 

Total 

y,  hcio. 

two 

ng/g  rfr*  /mu  tier 

9.600 

9.700 

c-  25  n  HCl 

166.0 

8.600 

8.700 

IMifki 


Polyadenosine *  Diphosphorihosy,  ‘ton  of  Non-histone  Proteins  in  Vim 


respectively,  of  the  total  poly-adenosine  diphosphonbose  con¬ 
tent  of  the  liver.  The  predominant  amount  remained  in  the 
acid-precipitable  tissue  fraction.  Since  analyses  of  and-precip- 
itable  and  -soluble  fractions  from  liver  powder  were  performed 
on  the  same  samples  and  recoveries  were  nearly  quantitative, 
as  shown  hv  recovery  of  added  exogenous  noiyadenosine 
diphosphonbose.  it  was  apparent  that  treatment  with  dilute 
acids  at  0-5°C  did  not  decompose  polyadenosine  diphospho- 
ribose.  This  finding  is  consistent  with  published  results  ill.  It 
was  expected  that  0.25  N  HC1  more  extensively  than  57  HCI  ), 
would  extract  proteins  other  than  histones  derived  Irom  nu¬ 
clear  membranes,  mitochondria,  and  microsomes  i.'Mi.  We 
found  that  the  radioimmunoassay  (22)  did  not  indicate  the 
presence  of  polymeric  adenosine  diphosphonbose  in  extranu- 
clear  cell  fractions,  including  mitochondria  which  contain  a 
specific  protein  associated  monomer  (3).  It,  therefore,  was 
concluded  that  all  immunoreactive  macromolecular  protein- 
associated  (Kilvadenosine  diphosphonbose  originated  from  nu¬ 
clei,  confirming  earlier  reports  which  confined  the  localization 
of  the  polymer  to  nuclei  (1,  2).  Extracts  prepared  with  57 
HCIO,  are  known  to  contain  histone  fl  (28).  nuclear  peptides 
of  relatively  small  molecular  weight  (3000)  which  are  not 
precipitated  bv  207  trichloracetic  acid  (35)  and  non-histone 
proteins  exhibiting  high  electrophoretic  mobility  (36,  37).  The 
procedure  followed  to  separate  these  components  of  extracts 
obtained  by  dilute  acids  is  illustrated  in  Flow  Sheet  2.  The 
chromatographic  separation  of  histone  fl  on  carboxymethyl- 
cellulose  (28)  was  performed  at  pH  4.2  as  a  precaution  to 
prevent  the  cleavage  of  alkali  unstable  bonds  between  proteins 
and  polyadenosine  diphosphonbose  (37).  As  shown  in  Table 
IIA,  a  relatively  significant  portion  of  the  acid-soluble  imnui 
noreactive  polymer  was  found  in  the  tissue  extract  prepared 
with  57  HCIO,  which  was  not  precipitable  by  207;  trichlora¬ 
cetic  acid,  even  with  bovine  serum  albumin  as  a  co-precipitant, 
suggesting  the  presence  of  polyadenosine  diphosphoribo- 
sylated  peptide  fragments.  About  one-third  of  the  immuno¬ 
reactive  polyadenosine  diphosphonbose  associated  with  the 
207  trichloracetic  acid-precipitable  fraction  of  the  HCIO, 
extract  was  identified  as  non-histone  protein-bound  polyaden¬ 
osine  diphosphonbose  adduct  by  carboxvmethvlcellulose 
chromatography.  Covalent  association  of  larger  than  tetra- 
meric  polyadenosine  diphosphonbose  with  histone  fl  was 
ascertained  in  both  HCIO,  and  HCI  extracts.  Dilute  HCI 
extracted  significantly  larger  quantities  of  macromolecularlv 
associated  immunoreactive  polyadenosine  diphosphonbose. 
which  was  mainly  recovered  in  the  soluble  non-histone  frac¬ 
tion  (Table  IIB).  probably  representing  HCl-soluble  proteins 
of  nuclear  membranes.  Ethanol  and  acetone  fractionation  (29. 
30)  of  extracts  prepared  from  precipitates  after  separation  of 
histone  fl  by  57  HCIO,  (see  "Materials  and  Methods")  yielded 
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Flow  Sheet  2.  Purification  of  histone  fl  and  separation  of  non¬ 
histone  components. 
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Polyatienttsmv  tlipfmuphonhone  content  uf  acitt- soluble  It* sue 
fractinnt*  of  rat  in  vr  pon  der 

Further  tract to notum  of  acid -soluble  proUMu-hoiiwl  poiv.uienoMiic 
diphosphttribose  present  in  .V*  HClOi  1A1  and  in  0.25  s  HCI  1 13) 
extracts.  In  A  the  extract  was  divided  into  trichloracetic  aewi  (2»>'«  b 
Roluhk*  uupcrnntanti  ami  -insoluhle  i precipitate)  fractions.  The  pre¬ 
cipitate  was  resolved  into  lurne  non-histoiu*  peptides  and  histone  fl 
hy  chromatography  on  carhoxvmethvlcellulose  tsee  "Materials  and 
Methods").  The  discrepanrv  Hd  ng^u)  between  total  polyadenosine 
dipbo.sphoribosi*  in  A  and  the  sum  of  non-histone-hound  and  histone 
fl -bound  polymer  is  due  to  incomplete  recovery  tM.V# )  hy  the  com¬ 
bined  operations.  The  same  error  in  combined  techniques  explains  m 
U  the  apparent  discrepance  between  total  bound  polyadenosine  hi- 
phosphorihose  content  and  the  sum  of  non-histone  jmlvpopi  tilt*  and 
histone-associated  polvmer  <24. i»  nn/c).  K.ich  value  is  the  a  Venice  of 
two  analyses. 


Method  of  extraction  and  fractional mn 
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nt!  t!  tiiy  l»Ui  tier 

A.  57  lino,  extract  W.O 

207  Trichloracetic  acid  supernatant  lilt.O 

of  HCIO,  extract 

2o7 ’Trichloracetic  acid  precip:tate  of 
HCIO,  extract 

Non-ltistone  peptides  5.2 

I’urified  histone  f I  11.8 

B.  0  25  N  HCI  extract  Iffl.O 

Non-histone  fraction  (Ml  i 

Histone  fl  "  1(1.0 

Histone  1'2  +  f)  fraction  211.5 


polyadenosine  rtiphosphoribose-containing  histone  fractions 
in  amounts  of  21.7  (fl),  12.2  (t'2a>.  22.2  (f2b).  and  18.7  (f3)  ng 
of  immunoreactive  polymer/g  of  dry  lit  er  powder.  The  chro¬ 
matographic  technique  (28)  and  fractionation  with  organic 
solvents  (29.  30)  for  histones  yielded  45.5  and  74.5  ng  of  total 
hisrone-bound  polyadenosine  diphosphonbose/ 1  g  of  liver 
powder,  respectively.  This  discrepancy  corresponds  to  the 
lower  limit  (657)  of  recovery  of  added  polvmer  and  is  due  to 
the  technical  problems  of  sample  collection. 

Bredehorst  et  at.  (33)  reported  that,  according  to  their 
technique,  the  predominant  acceptors  of  adenosine  diphos- 
phoribo.se  were  found  to  be  non-histone  nuclear  proteins  and 
histones  contained  only  snwll  an, ,-unts  of  covalently  bound 
adenosine  diphosphonbose.  These  results  are  in  agreement 
with  our  analyses  with  respect  to  the  nature  of  acceptors  of 
adenosine  diphosphoribo.se.  In  contrast  to  their  report  (83). 
however,  we  consistently  find  polyadenosine  diphosphonbose 
n  >  4.  not  the  monomer,  in  association  with  non-histone 
proteins.  This  apparent  discrepancy  is  probably  due  to  differ¬ 
ences  in  the  treatment  of  tissue  samples,  requiring  utmost 
care  in  avoiding  the  degradation  of  the  polymer  (compare 
“Materials  and  Methods"  with  Ref.  33).  This  point  is  illus¬ 
trated  also  by  comparison  of  previous’ analytical  results  (22) 
with  those  described  in  the  present  paper  which  show  a  10- 
fold  higher  polymer  content  when  the  conservative  extraction 
technique  (see  "Materials  and  Methods")  is  strictly  followed. 

In  vitro  studies  by  others  (15)  have  also  shown  that  the 
specific  activity  of  polyadenosine  diphosphoribo.se  incorpo¬ 
rated  into  non-histone  proteins  was  higher  than  that  of  histone 
proteins.  This  observation  was  also  correlated  with  a  longer 
mean  polymer  chain  length  in  non-histone  proteins  (15). 

Since  the  predominant  portion  of  immunoreactive  larger 
than  tetramenc  polyadenosine  diphosphoribose  was  present 
in  the  dilute  acid-precipitable  non-histone  protein  fraction 
containing  also  nucleic  acids,  it  was  of  importance  to  ascertain 
that  the  radioimmunoassay  was  not  falsified  by  interfering 
nucleic  acid  fragments.  Sample  digestion  in  1  M  NaOH  elim¬ 
inates  RNA  and  the  remaining  UV-absorbing  material  is 
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comprised  of  DNA  fragments  exhibiting  a  gei  filtration  pattern 
a*  shown  in  Fig.  1.4.  Digestion  with  one  cycle  of  nucleases  and 
dialysis  (see  "Materials  and  Methods")  almost  completely 
eliminates  macromolecular  I’V-absorbing  material  (Fig.  Ifl), 
yet  the  radioimmunoassay  shows  the  existence  of  polydispersc 
macromolecular  ADP-H  polymers  (Fig.  lO.  The  amounts 
of  polvadenosine  diphosphonho.se  determined  bv  the  radio¬ 
immunoassay  is  so  small  that  it  cannc  t  be  detected  by  absorb¬ 
ance  measurements  at  260  nn>.  In  rou.ine  work  the  redigest  ion 
cycle  with  nucleases  was  repeated  at  least  twice  without 
measurable  change  in  immunochemically  detectable  poly¬ 
adenosine  diphosphoribose  values  (compare  with  Fig.  2fll: 
thus,  interference  by  DNA  fragments  can  be  excluded.  It 
should  be  noted  that  DNA  significantly  interferes  .with  the 
radioimmunoassay  only  when  present  in  excess  of  13, 500- fold 
over  polvadenosine  diphosphoribose  (22). 

The  macromolecular  distribution  of  immunoreactive  poly¬ 
adenosine  diphosphoribose  isolated  from  acid-insoluble  non¬ 
histone  proteins  (B)  and  histone  fl  (O  as  determined  by 
molecular  filtration  on  Sephadex  G-50  (22)  and  compared  to 
standards  (.4)  is  illustrated  in  Fig.  2.  Both  fractions  exhibited 
polydispersity  between  average  chain  lengths  of  n  -  4  to  n  « 
34. 

On  the  basis  of  a  large  body  of  evidence  (4-8.  10- l.'l,  17-25. 
01.  12).  if  can  he  assumed  that  the  polymers  associated  with 
acid-soluble  and  -insoluble  proteins  represent  polvadenosine 
diphosphoribose  predominantly  covalently  bound  to  proteins. 

We  have  attempted  to  confirm  the  covalent  association  of 
polvadenosine  diphosphoribose  with  non-histone  proteins  by 
an  alternative  method  employing  fractionation  of  acid-insol¬ 
uble  rat  liver  proteins  on  a  dihydroxyboryl  affinity  column 
under  denaturing  conditions  (.11).  Using  the  procedure  out¬ 
lined  under  "Materials  and  Methods."  we  obtained  a  small 
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Froction  Number 


Fin.  1.  The  effect  of  one  cycle  of  digestion  wdth  DNase,  mi¬ 
crococcal  nuclease,  and  alkaline  phosphatase  on  the  (JV  ab¬ 
sorbance  (Aim  nm)  and  immunochemically  detectable  poly¬ 
adenosine  diphosphoribose  content  of  a  1  x  NaOH  digest  of 
rat  liver.  Klution  patterns  are  determined  by  molecular  filtration  on 
Sephadex  G-50  as  described  under  HD  under  Materials  and  Meth¬ 
ods."  A.  molecular  profile  of  DNA  as  determined  by  .4jm  nm  before 
digestion  with  nucleases;  S,  same  as  A.  except  after  one  cycle  of 
digestion  with  nucleases;  C.  macromolecular  profile  of  immunoreac¬ 
tive  larger  than  tetrameric  polvadenosine  diphosphoribose  after  one 
cycle  of  digestion  with  nucleases. 
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Fin.  2.  Polydispersity  of  macromolcculariy  associated  im¬ 
munoreactive  polvadenosine  diphosphoribose  n  >  4.  .4.  calibra¬ 
tion  of  Sephadex  (»-iiO  column  with  (swine  serum  albumin  it. Ml. 
polvadenosine  diphosphoribose  containing  14.  Id.  and  12  ADI  R 

units,  and  NAD*. - .  ---.  "C  counts  per  nun.  if.  macroinn- 

lecuiar  profile  of  polvaricnosme  diphospnoribose  isolated  from  the 
non  histone  fraction  of  anhydrous  rai  liver  t»>woer  as  determined  bv 
molecular  filtration  on  Sephadex  G-.Vt  ami  raciunmnmnoassav.  (’. 
macromolecular  profile  of  histone  fl-haumt  polvadenosine  diphos- 
phoribose  bv  ihe  same  method  as  given  ill  B.  Details  are  described 
under  HD  under  "Materials  ana  Methods." 

fraction  of  dilute  acid-insoluble  rat  liver  proteins  which  bound 
to  the  dihydroxyboryl  resin  (about  FOO  jig/  g  wet  weigh)  >.  The 
binding  of  this  small  amount  of  protein  to  the  boronafe  resin 
implies  covalent  attachment  to  polvadenosine  diphosphori 
hose.  Subsequent  hydrolysis  and  radioimmunoassay  of  the 
polvadenosine  diphosphoribose  liberated  from  the  protein 
gave  a  protein/polvmer  weight  ratio  estimate  of  400:1. 
MacGiilivrav  et  at.  ( 15)  have  suggested  that  a  sizable  fraction 
of  the  non-histone  p'oteins  covalently  bound  to  polvadenosine 
diphosphoribose  have  Urge  molecular  weights  in  excess  of 
70,000.  The  polvadenosine  diphosphoribose  released  from  pro¬ 
tein  corresponded  to  a  liver-content  of  1.600  ng/g  wet  weight. 
This  value  is  within  the  range  of  larger  than  tetrameric 
polymer  content  as  determined  in  total  non-histone  proteins 
by  the  methods  described  in  this  paper  and  suggests  that  the 
polvadenosine  diphosphoribose  is  covalently  protein-bound. 

Since  our  conditions  for  solubilization  of  dilute  acid-precip- 
itable  proteins  by  6  N  guanidine  hvdrochloride  in  100  mM  Tris. 
pH  8.2,  are  similar  to  the  conditions  used  by  others  for  the 
solubilization  ol  non-histone  proteins  from  nuclei  or  chromatin 
(38),  it  is  apparent  that  the  bulk  of  non-histone  proteins  were 
extracted  by  our  method  from  the  5*7-  perchloric  acid  precip¬ 
itate. 

It  hag  been  recently  demonstrated  that  the  polvadenosine 
diphosphoribose  polymerase  is  localed  in  the  infernucleoso- 
mal  regions  of  chromatin  (12.  13).  This  localization  predicts 
that  the  enzymatic  products  should  accumulate  between  nu- 
cleosomes  and  probably  modify  by  as  yet  unknown  mecha- 
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msrns  proton*  also  localized  in  tht*  int-rnucleosoinal  areas 
Our  result*  tend  loronfirm  th.s  prediction.  Observed  phenom¬ 
ena  of  regulation  of  1)NA  synthesis  hv  polvadenosme  thphos- 
phoribosvlation  t-TJi  and  an  a*  yet  unexplained  role  of  poly- 
adenosine  diphosphorihose  in  differentiation  lit.  40.  4 1 1  and 
enzyme  induction  (4Jl  may  be  related  to  a  modifying  effect  of 
polvadenosme  diphosphoribosvlation  on  predominantly  non¬ 
histone  proteins.  These  proteins  are  known  to  play  a  key  role 
in  transcription  and  its  regulation  i4  fl.  The  polydi.-persitv  of 
various  histone  associated  ADP-U  polymers  that  are  present 
in  small  amounts  indicates  that  the  dimer  formation  ol  histone 
ft  ilfi.  ITl  is  not  a  unirpie  marromolecular  species. 

Our  work  thus  far  has  not  included  (he  determination  of 
imlvadenosine  diphosphorihose  n  <  4.  Monomers  of  ADP-H 
which  are  bound  to  protein  would  he  decomposed  to  AMP 
under  our  conditions,  t'oinhined  chemical  and  immunological 
analyses  of  all  forms  of  polvadenosme  diphosphorihose  and 
the  stuiiv  of  their  physiological  role  are  the  subject  of  further 
investigation. 

Ar.i-nnu leilitmrnt— special  thanks  to  Marta  Oostveen-Komaschin 
for  her  iieip  in  organizing  the  manuscript. 
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however,  repetition  of  freezing  and  thawing  usually  leads  to  a  consider¬ 
able  loss  of  the  catalytic  activity.  It  is  also  noteworthy  that  DNA  tends 
to  facilitate  the  inactivation  of  enzyme. 
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than  Tetrameric  Endogenous  Polyadenosine 
Diphosphoribose  from  Animal  Tissues 
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Evaluation  of  the  in  vivo  biological  role  of  polyadenosine  diphos- 
phoribose  in  animal  organs  has  thus  far  been  attempted  by  in  vivo  labeling 
of  the  polymer  with  [uC]ribose.'  This  approach,  although  clearly  indi¬ 
cating  the  existence  of  the  polymer  in  rat  liver,  necessarily  depends  on 
its  detection  by  the  MC  marker.  The  determination  of  the  metabolic 
turnover  of  polymeric  oolyadenosine  diphosphoribose  in  vivo  requires  an 
independent  assay  procedure  for  the  quantitative  determination  of  the 
polymer  in  tissues.  Combination  of  the  quantitative  assay  with  tracer 
techniques  is  a  prerequisite  for  the  study  of  in  vivo  metabolism  of  poly¬ 
adenosine  diphosphoribose  in  normal  and  abnormal  biological  states.  A 
selective  radioimmunoassay  for  macromolecular  polyadenosine  diphos¬ 
phoribose  (larger  than  tetrameric  polymer)  has  been  described  which  is 
suitable  for  the  analysis  of  animal  tissues.*  The  method  requires  the 
partial  purification  of  nuclei  from  freeze-dried,  rapidly  frozen  organs  with 
the  aid  of  organic  solvents.*  Although  reliable  data  and  enzymically  active 
nuclei  can  be  obtained,  the  method  suffers  from  the  disadvantage  that 
the  isolation  of  nuclei  by  organic  solvents  is  of  low  yield  and  is  time- 
consuming.  Modification  of  the  extraction  and  digestion  methods  as  de¬ 
scribed  here  circumvents  the  necessity  to  isolate  nuclei  and  enables  the 
accurate  determination  of  polymeric  polyadenosine  diphosphoribose 
[(ADP-R),,,]  by  the  radioimmunoassay*  in  animal  tissues.  The  method 
is  suitable  for  the  intrachromatin  localization  of  the  polymer. 

1  K.  Ueda.  A.  Omachi.  M.  Kawaichi.  and  O.  Hayaiihi.  Pro c.  Nall.  Aiad.  Sci.  US  A.  72. 

20/  (1975). 

*  A.  M.  Ferro.  T.  Minaga.  W.  N.  Piper,  and  E.  Kun.  Biochim.  Biophvs.  Ada  519,  291 

(1978). 
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Method 

/.  Analysis  for  Total  P>tyiADP-R)m>i 

la)  Sampling.  One  to  ?  g  of  fresh  tissue  are  freeze-clamped  at  liquid 
Nj  temperature  and  freeze-dried.  A  stable  powder  is  obtained  suitable, 
for  storage  (at  -20°)  a.’d  subsequent  analyses. 

(b)  Homage ni:atioi.  and  Extraction.  A  weighed  sample  of  t(ie  freeze- 
dried  tissue  powder  is  homogenized  (ice  bath)  in  20  volumes  of  I  O'"? 
HCIO,  (0°).  The  sediment  is  separated  by  centrifugation  (4°.  7000  rpm  for 
10  min),  washed  twice  with  100  HCIO*.  resedimented,  and  the  super¬ 
natants  combined.  Homogenization  and  extraction  with  HC1P*  (lOT)  is 
advantageous  for  two  reasons:  (a)  it  separates  soluble  nucleotides  (e.g.. 
NAD*):  ib)  it  prepares  the  protein  and  nucleic  acid  sediment  for  efficient’ 
subsequent  digestion. 

(c)  Digestion  in  NaOH.  The  HCIO*  precipitate  from  (6)  is  suspended 
in  water  (I  ml  for  200  mg  powder)  plus  an  equal  volume  of  2  Af  NaOH 
(stir  by  Vortex):  an  equal  volume  (e.g..  of  the  total  at  this  stage)  of  I  M 
(final  concentration)  NaOH  is  added,  and  the  mixture  is  digested  for  24 
hr  at  37°. 

Id)  Enzymic  Digestion.  The  pH  of  the  NaOH  digest  is  adjusted  to  pH 
8.5  (glass  electrode)  with  3  M  HC1  plus  Tris  base,  and  MgC)t  is  added  to 
a  final  concentration  of  10  m M.  To  a  final  concentration  of  W  /*g/ml 
DNA-ase.  12  *ig  ml  micrococcal  nuclease  and  30  j*g/m!  of  alkaline  phos¬ 
phatase  (this  may  be  omitted  if  termini  of  polyadenosine  diphosphoribose 
are  to  be  maintained  intact)  are  added:  the  mixture  is  incubated  for  6  hr 
*•  37® ,  and  then  all  the  nucleases  in  the  same  amounts  are  again  added 
before  continuing  the  incubation  overnight  at  57®.  Next  morning  EDTA 
is  added  to  a  final  concentration  of  20  mM.  SDS  to0.259r.  and  proteinase 
K  (1.7  mg/ml  final  concentration)  and  the  solution  incubated  with  vigor¬ 
ous  shaking  for  12  hr  at  37®. 

Undigested  material  is  spun  down  and  the  clear  supernatant  fluid 
saved.  The  insoluble  material  is  resuspended  in  500  m M  Tris-HCl.  pH 
8.5  (5  ml  buffer  for  200  mg  original  HCIO*  precipitate),  proteinase  K  (I 
mg/ml)  added,  and  the  mixture  redigested  for  12  hr  at  37®  with  agitation. 
The  procedure  (i.e. .  sedimentation  of  undigested  material,  saving  and 
combining  of  supernatant,  and  redigestion  with  proteinase  K)  is  repeated 
5  times  in  succession.  The  final  insoluble  pellet  contains  only  0.2T  of 
,4C-labeled  polymers  and  is  discarded. 

Ie>  Extraction  with  Phenol.  The  combined  soluble  digest  is  extracted 
with  water-saturated  phenol  (10  ml  phenol  per  30  ml  extract),  and  layers 
are  separated  by  centrifugation  (3000  rpm  for  10  min).  The  phenol  phase 
is  back-extracted  with  water  (5  ml  per  above  stated  volume).  The  com- 
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bined  aqueous  fractions  are  re-extracted  with  10  mi  (per  30  ml  digest) 
water-saturated  phenol,  washed  with  HjO,  and  the  combined  aqueous 
fractions  re-extracted  with  water-saturated  diethyl  ether  (100  ml  per  30 
ml  original  digest).  The  ether  extract  is  back  extracted  with  water.  The 
combined  water  extracts  contain  85-97C7  of  poly(ADP-R)  as  tested  by 
the  recovery  of  added  uC-labeled  polymer  to  the  enzymic  digest. 

(ft  Dialysis  and  Freeze-Drying.  The  aqueous  extract  is  extensively 
dialyzed  (24  hr  with  5  changes  of  water)  and  then  freeze-dried.  This 
extract  still  contains  ultraviolet-absorbing  material  which  cannot  be  ac¬ 
counted  for  as  poly(ADP-R).  but  this  does  not  interfere  with  the  radioim¬ 
munoassay.*  Redigestion  with  the  nuclease  cycle  and  further  digestion 
with  a-amylas«  can  remove  non-poly(ADP-R)  contaminants  if  the  pur¬ 
pose  of  isolation  is  to  obtain  radiochemically  and  immunochemically  pure 
polymer  (i.e.,  in  l‘4C]ribose  in  vivo  labeling  experiments).  However,  for 
quantitative  radioimmunoassay  by  the  glass-fiber  technique,  the  above 
extract  is  satisfactory. 

,  S 

II.  Snbfractionation  into  Histone  and  Nonhistone  Assotiated 
Poly(ADP-R)n»4 

(<t )  Extraction  of  histone  H I  from  the  original  freeze-dried  powder  is 
readily  accomplished  by  5*7 c  HCIO,  <2  g  powder  plus  10  ml  5Cf  HCIO,. 
homogenize  at  0*.  then  stir  for  30  min  at  5*.  centrifuge,  repeat  3  times, 
combine  supernatants).  To  the  combined  HCIO,  extracts,  trichloracetic 
acid  is  added  to  a  final  concentration  of  20 CJ  and  6  mg  bovine  serum 
albumin  are  added  as  a  carrier  at  0*.  The  precipitate  is  collected,  redis¬ 
solved  in  a  small  volume  of  water,  dialyzed,  and  digested  as  described 
in  I. 

(6)  Extraction  of  total  histone  fraction  is  carried  out  with  0.25  M  HCI 
from  the  original  freeze-dried  powder  (2  g  powder  plus  50  ml  0.25  M 
HCI.  homogenize,  then  stir  for  30  min  at  5*.  repeat  3  times,  combine 

Pot-rtADP-R).,,  Content  or  1 1  Fum-DutD  Powder  or  Rat  Live* 


No. 

Fraction 

ng  poly<ADP-r),>, 
per  1  s  dry  powder 

1 

Total  powder 

1739.3 

2 

Total  histone-associated 

<ADP.R>,„ 

1*6.0 

3 

Histone  H  (-associated 

(AOPRl,,, 

18.8 
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supernatants).  The  combined  HC1  extract  is  dialyzed,  freeze-dried,  and 
then  digested  as  in  1. 

A  representative  analysis  is  shown  in  the  table. 

Summary 

The  validity  of  the  extraction  technique  was  tested  by  recovery  of 
added  uC-labeled  polymer.  Recovery  was  always  close  to  909?.  It  is 
apparent  that  the  predominant  chromatin  fraction,  containing  more  than 
9Vv?  of  (ALP-R),,.,  is  the  nonhistone  fraction. 

Acknowledgment* 

On*  of  :h*  au<hon  (TMi  is  th«  recipient  of  a  fellowship  of  the  California  Heart  As\o- 
ciatior  the  other  author  1EK1  is  the  recipient  of  the  Research  Career  Award  of  the 
U.S.P.H.S.  The  work  <vas  supported  in  part  by  the  program  project  grant  HL-6'X'  and  a 
grant  of  the  U  S  Air  Force  Office  of  Scientific  Research  (AFOSR  Tf-lbWt. 


[27]  Covalent  Modification  of  Proteins  by  Metabolites  of 

NAD* 

B\  Ernest  Kun 


Polymeric  and  oligomeric  products  of  the  adenosine  diphosphoribose 
moiety  of  NAD*  are  known  to  be  formed  in  the  chromatin  of  eukaryotic 
cells. 14  Although  the  binding  of  (ADP-R),  to  macromolecules  of  chro¬ 
matin  is  assumed  to  be  at  a  template  site  of  the  synthetase  system,  the 
mechanism  of  this  binding,  or  the  transfer  of  (ADP-R).  fragments  from 
the  polymer  to  other  protein  acceptors  (histone  and  nonhistone  proteins) 
is  as  yet  unclear.  The  covalent  modification  of  proteins  of  chromatin  by 
ADP-R  transfer  from  poly( ADP-R)  cannot  be  described  in  uniform  mo¬ 
lecular  terms  because  presumably  N.O-ribosidic  bonds  and  possibly 
ester-phosphate  bonds  have  been  reported  to  exist  between  ADP-R  res¬ 
idues  and  proteins.1 

This  chapter  is  restricted  to  the  description  of  two  types  of  ADP-R- 
protein  interactions:  the  enzymic  transfer  of  ADP-R  from  NAD*  to  % 


1  H.  Hilz  and  P.  StoiH.  Rev.  FMysioi.  Biot  Mem.  Fkarmatoi.  74,  I  (1976). 
•O.  Hayaisht  and  K.  Ueda.  Ann*.  Rev.  Biot  Mem.  46.  95  (I97?>. 
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INTRODUCTION 

Covalent  modification  of  macroraolecul os  constitutes  a  highly  versatile  and 
specific  chemical  regulatory  device  thJt  plavs  a  prominent  role  in  diverge 
iillular  processes . ^  The  advantage  of  this  tvpe  oi  control  mechanism  over 
direct  kinetic  regulation  of  enzvmatic  reactions  is  the  extraordinary  specif icity 
i  tn  u  rent  to  the  vnzvne  svstem  that  catalyzes  the  covalent  modification  ot  mai ro- 
iviicules.  As  is  the  case  in  m.inv  complex  biochemical  hierarchies,  the  regula¬ 
tory  implications  oi  m.ivromolecnl.ir  modification  cannot  be  predicted  solely  on 
try  bus  i  s  of  t'c*  catalytic  properties  of  Us  constitutive  enzvme*.  Undoubtedly 
as..  r.U  the*  prvsc-nr.lv  unexplained  functions  of  eukaryotic  chromatin  arv  processes 
«■  M.  determine  d  l  f  U  relit  lat  ieu  and  cell  division  with  its  anomalies.  An  nndvi- 
»tj:iJing  ot  anv  o!  t:.ese  complex  »  v»  nt>  requires  the  detailed  knowledge  ot  tU 
fi  gul.itorv  el  feels  *t  mac  rome  let  uj  es  of  chromatin  on  -  as  vet  incompletely 
u.J*r>*looo  -  » fizvm.it  iw  cempoiii  nts  of  l)NA  and  RNA  metabolism.  The  recognition  ot 
dtsi  felt  nut  leovortj  J  components  of  chromatin  represents  probably  the  mv*st  signi¬ 
ficant  Decent  achievement  in  tins  field,  although  internal  architectur.il  details 
of  nuc  1 eosones  Still  require  clarification.  As  emphasized  by  Feiscnield,*  tfu 
rigulation  of  chromatin  must  involve  also  proteins  other  than  the  known  corapu- 
n*nts  of  nucleosomes  (eg.  nonhistone  proteins).  The  question  can  oe  raised 
vfiether  or  not  the  customary  methods  of  isolation  of  nuclei  result  i:.  a  loss 
t.urctolecular  nuclear  components  tliat  are  significant  in  the  in  vivo  regulation 
c<  chromatin.  It  follow*  that  the  already  numerous  reports  orotrs*;np  to  explain 
the  regulatory  role  of  the  polv(ADP-K)  svstem  in  chromatin  function  nav  be  pre- 
tature  because  the  hypothetical  models  chosen  are  derived  from  as  vet  incomplete 
experimental  information. 

Notable  advances  were  made  in  several  laboratories  with  highly  purntc-J 
poly(ADP-R)  polymerases  .  ^  ***  *  *  The  results  show  that  an  apparently  noroogeiivdui. 
protein  catalyzes  the  in  vitro  synthesis  of  verv  short  (ADP-R)  oligomers,  which 

-  ...  c_  ..  I  .  •  ...  . .  1.  .  /  *  nn  u  \  c  i  t  t  k.  . .  .  ...  ........  ^  .i . I 


can  be  elongated  when  h  -(ADP-R)  ^chiff  base  is  present. 
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stranded  DNA  also  participates  as  j  co-factor. 
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1 .  Recipient  of  j  N.S.L.R.C.  (Canada )  Fellowship 
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W«  hava  chosen  to  investigate  the  biology  o f  poly(^DP-R)  by  comparing 
In  vivo  end  In  vitro  eubnuclear  protein  assoelttlons  cf  (ADP-R)  polymers  In 
view  of  the  enzymologically  unresolved  complexity  of  the  mechanists  of  poly 
(ADP-R)  formation  and  the  previously  mentioned  uncertainties  in  our  knowledge 
of  chromatin  structure. 
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MATERIALS  AND  METHODS 

Male  Sprague  Davley  rats  (200  g  body  weight)  were  dt 
hours  prior  to  the  removal  of  livers  for  analysis.  Mot 
ceroed  with  the  subnuclear  distribution  of  poly(ADP-R) 
were  done  with  small  rodents.  Methods  of  isolation  ami 

poly(ADP-R)  adducts,  the  techniques  of  rsdiolmeiunoaasajr 

8  9 

(ADP-R)  oligomers  are  described  elsewhere.  ’  . 

Dlaethylnltrosaalne  (99Z  Aldrich  Chemicals)  treatmen 
sters  was  carried  out  by  Dr.  C.L.  Caworskl,  at  the  Uni" 
Toxic  Haxards  Research  Unit  Overlook  Branch,  Dayton  (Ol i 
a  published  scheme. 10  Treatment  schedule  was  as  follou 
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and  identification  of 


old  (50  anlmala/group) ,  were  injected  lntraperitoneall] 
aqueous  solution  of  diaethylnitrosaatine,  0.5  mg  per  anj 
treatment  was  then  terminated  and  biochemical  analyses 
received  H.,0  only.  Histological  exaailnation  for  tumor 
1C0Z  negative  at  this  stage. 

The  isolation  of  protein  (ADP-R)  adducts  was  carried 
columns.  These  columns  were  synthesised  by  covalent  at 
phenylboronlc  acid  to  Blogel  P-300  (50-100  mesh)  via  a 
arm.  Quanltatlve  binding  of  protein  poly (ADP-R)  covali 
affinity  calm  was  achieved  at  pH  8.2  and  elution  of  t 
out  at  pH  4-6  at  25*C. 

RESULTS 

Quantitative  assessment  of  poly(ADP-R)  in  cellular  I 
has  been  usually  based  on  the  radiochemical  assay  of  tl 

eleetrophoretleally  or  chromatographically  separated  pc 
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precursors  for  poly(ADP-R)  exist,  C-rlbose  or  *  a 
labels,  provldad  appropriate  purification  of  poly(ADP-l 
nation  of  radioactivity.  The  in  vivo  labelling  of  poly 
proved  to  be  unsuitable  in  our  hands.  The  quantitative 
(ADP-R)  by  pulse  labelling  presupposes  that  tha  speelfi 


it  of  Golden  Syrian  haa- 
'ersity  of  California, 
ilo,  45431)  according  to 
is.  Hamsters,  4  months 
1  once  a  week  with  a  1Z 

I  Ml  for  4  weeks.  The 
performed.  Controls 
cell  development  was 


I  out  on  boronate  affinity 
tachment  of  m-eeiino 
glucarylhydraxlde  appear 
nt  complexes  to  the 
he  complex  was  carried 


nd  subcellular  systems 
e  acid  preclpltable  or 
lymer.  Slnca  no  specific 
re  suitable  In  vivo 
)  precedes  the  deternl- 
(ADP-R)  by  adenine 
determination  of  poly 
e  activities  o‘  all 


i*.  in 
«/I  v 

jW ledge 


lor  IU 
■  can- 

^  labelling 
• !  protein 
:  iuii  of 

an  ham- 
mi  a  ,  . 

’  i ng  to 
i.'.'IHh* 

a  It 
.  1hv 
r  wl 
Wd> 


labelled  species  of  poly (ADP-R)  arc  the  sane,  otherwise  uneven  labelling 
necessarily  falsifies  results.  This  is  the  case  illustrated  in  the  following 

•  14 

experiment.  Infaint  rats  ('jO  g  weight)  were  injected  with  JO  >jCi  D(l-  c.) 
rihose/rat  and  poly(ADP-R)  of  liver  isolated  by  the  conservative  technique 

u 

developed  in  our  laboratory.  Molecular  filtration  of  the  polymer  was  carried 

out  using  poly(ADP-R)  isolated  over  a  period  of  3u  to  ISO  minutes  after 

labelling  with  ribose.  The  results  indicated  the  appearance  of  two  major 

macromoletular  species,  1  *  (ADP-K)  and  II  *  (API’-K)  as  shown  in  Fig.  1. 
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Fig.  1.  C-ribose  content  of  pulv(ADP-R)  tractionaied  on  Sephadex  (i-SO. 

14 

Wlien  the  percentage  of  total  C-ribose  labelled  (ADP-R)  in  the  two  macro- 

molecular  fractions  is  determined  at  30  minute  intervals,  utilizing  2  rats  for 

14 

each  timed  assav,  a  characteristic  fluctuation  of  specific  C-ribose  distri¬ 
bution  is  observed  (Fig.  2).  It  is  apparent  that  (ADI’-K)^  in  both  macromoi ecular 
fractions  exhibits  metabolic  fluctuations  consistent  with  apn.iret  t  transfer  of 
(ADP-T.)  units  between  oligomers  of  different  sixes.  If  tins  mac ronoi ecular 
metabolic  flux  of  (ADP-R)  weru  Ignored,  false  polymer  content  would  be  calcu- 

14  n 

la  ted  on  the  basis  of  C-ribose  assay  alone,  since  the  existence  of  various 

pools  of  poly (ADP-R)  is  possible.  The  apparent  t^,  of  labelling  of  (ADP-R)^^^ 

corresponds  to  the  of  labelling  of  NAD'*’,  le.  3.1  to  2.7  hours  respectively. 

Due  to  the  uncertainties  of  poly (ADP-R)  assav  based  on  precursor  lncor- 

V 

noration,  we  adopted  a  quantitative  rad i o 1 mnunoussav  for  polv(ADl'-H)  for 

'ns—. 

the  dcterminat ion  of  co/alently  bound  polv(ADP-R)  to  proteins  el  chromatin-; 
Minuga,  T.  and  Kun,  E.#  unpublished  experiment,  J*?7. 
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Fit.  2.  Tire  dep.  i:.:.  ;it  i  I  in.  tiutun  ot  *  Y-rlbose  in  t'»  two  mncrrmol.-tuJ.ir 
tr.i.  lions  »  :  uoIvlAl'i'^i  ■  a..  shewn  in  l  it.'  ‘  - 

'•‘mi  im.li.ir  proteins  art  .. writ.-,!  !>v  their  solubility  in  mineral  acids,' 

Jii  iti'iie-ass’c  i  ati ..  <AI>P*!'>  polvr.crs  arc  readily  ex  trades,  and  because  of  this 
cJ.  virus  tier. me. ti  ioriViruer.ee,  most  scr»  on  ADP-ribosvlation  of  proteins  lias 
.been  con  I  i  tic  u  to  studies  on  iADP-RI  tiistonc  adducts. 

* 

TABU:  1 

POLYADKNl'SINl.  Dl PHOSPHOR t POSE  IN  ACIO  EXTRACTS  AND  SEDIMENTS  OP  RAT  UVEK  fOWDER 


In  acids  or  orgai 
smal 1  number  of  r 
sharp  contrast  t. 
acid  prccipitahl. 

Subl ractlonnt 
tograpliic  and  or 
nonbistone  prote 
(ADP-K)  ollgomei 

table  : 

POI.Y  AMENDS  INK  D!1 
LIVER  POWDER 


Method  of  Extra. 


V.  IIC10,  Extract 

ZO*  Irichloract ; 
of  MilO,  Extract 

4 

ZOX  Trichloracct 
of  1IC10,  Extrac  r 

4 

Nonh 1 s - 
Purlli 


Hxi "cctilR  Acid 

t'olyauenosine  Dlphosphorlbos«n 

ng/g  dry  powder 

Supernatant 

Sediment 

Total 

5S  HC10, 

90.0 

9,600 

9,b90 

0.Z5  N  HC1 

lbb.O 

8,573 

R.739 

As  presented  In  Table  1  fcf.  8),  more  than  99S  of  imnunochemically  raactiva 
n>A  (ADP-E)  polymers  are  found  In  the  nonhtstona  protain  sediment  after  acid 
extraction.  It  should  be  noted  that  allhougli  electrophoretic  mobility  of 
lil stones  (notably  Hj)  is  modified  by  ADP-rlhosylatlon,  solubility  properties 


0.Z5  N  IIC1  Extra 
Nonhistone  Pratt 
Histone 
llistone  H, 


Thu  quantltat 
standard  chromat 
dry  liver  was  H 
persity  of  nonh: 
is  shown  In  Pin. 
fractions. 


In  acids  or  organic  solvents  are  not  altered.  Apparently  in  histones  oulv  a 
snail  number  of  basic  groups  are  modified  by  ADP-nbosy  lat  ion.  This  is  in 
sharp  contrast  to  the  behavior  of  DNA-histone  complexes,  which  are  known  to  he 
acid  precipicable. 

Subfractionation  of  acid  extractable  protein  (ADP-R)  v  ,  adducts  bv  chrima- 
toigraptiic  and  organic  solvent  extraction  procedures  <cf.  8),  showed  that  soluble 
nonhistone  protein  components  are  also  present  in  this  fraction  containing' 
(ADP-K)  oligomers  where  n><».  This  is  illustrated  in  Table  2  <cf.  8). 

TABU.  2 

POLYADFNOSINE  DIPHOSPHORIBOSE  CONTENT  OF  ACID  SOLVUl.E  TISSUE  FRACTIONS  OF  RAT 
LIVER  POWDER 


Method  of  Extraction  and  Fractionation 


Po  lvadenos  ino  l>  i  pnosphor  » hi" 
ng/g  drv  povdv r 


n  >  • 


5Z  HC10 ,  Extract 

1 richloraet t ic  Acid  Supernatant 
oi  HCiw  Extract 

2ot  Trichloracetic  Acid  Precipitate 
of  HClO.  Extract 

Nonhistone  Peptides 
Pur  i  f  ied  Mistottv  M  ^ 


8 


0.25  N  HCl 

Extract 

lhh.d 

Nonhistone 

Frxc  t ion 

‘it,,  « 

Histone  Hj 

Hi. ii 

Histone  H, 

♦  Hj  Fraction 

.'a  .  . 

The  quantitative  distribution  of  (ADP-R)^^  in 'histone*.  isolated  by 
standard  chromatographic  and  organic  solvent  techniques  in  nanograms  per  gran 
dry  liver  was  Hj-21.7,  H^-12.2,  H7K“2-.Jf  llj*l».7.  The  m  u ro-olecular  di>- 
persity  of  nonhistone  protein  bound  'B)  and  histone  Hj  bound  f( )  pol v ( AJM’-k ) 
is  shown  in  Fig.  3.  Polymers  varying  from  12  to  (ADP-Pt  are  found  in  all 
fractions. 


Tub*  Number 


Fig.  3.  Macromolecul  ar  profile  of  po)y(ADP-R)  Isolate-:  from  mml.iistone  protein 
U:>  ami  Histone  llj  (C). 

We  Have  further  investigated  the  as  yvt  unsolved  question  of  vt»  tln’f  there 

are  free  (ADP-R)  oligomers  in  nuclei,  or  whether  all  (ADP-R)  polymers  are 
n 

protein  hound.  Affinity  chromatography  on  ec rylamlde-dihydroxybnrv I  columns 

proved  to  b*  a  suitable  technique  to  settle  this  question.  We  find  ihutTall 

lmmunochemieally  detectable  (ADP-K)^^  as  assaved  in  whole  liver  tissue  can  he 

isolated  as  (ADP-R)  ,  protein  adducts,  that  Is  in  vivo,  all  (ADP-R)  ,  poly- 

161  n  *  *• 

■ers  are  covalently  bound.  Incubation  of  C-NAD*  with  isolated  nuclei  in  the 
absence  of  phenylaethylsulfonylf luorldc  (PMSF)  yielded  significant  amounts  of 
free  (ADP-R)  oligomers,  whereas  the  presence  of  the  pTotease  inhibitor  completely 
abolished  the  appearance  of  free  (ADP-R)  oligomers.  It  is  evident  that  free 
poly(ADP-R)  is  an  artefact  due  to  the  interference  of  proteases.  As  shown  in 
ri«.  4.  the  borontte  Affinity  coluin  quantitatively  Isolates  the  (ADP-R)  protein 
adducts  that  are  formed  during  Jin  vitro  incubation  of  liver  nuclei  with  NAD* 

In  the  presence  of  protease  Inhibitor.  The  aacromolecular  fraction  appears  In 
tht  void  volusia  of  Sephadex  C-50  column.  Ulian  the  inhibitor  is  omitted  or  the  . 
protein  (ADP-R)  adducts  are  decomposed  in  IN  NaOll,  free  (ADP-K)  oligomers 
appear.  (ADP-K)  oligomers  n- 1 2  and  NAD*  vara  used  as  markers  in  this  experiment. 


Fig.  4.  Noli- 
chromatograph' 
irum  nuclei  i' 
(ADP-R)  reli 
inhibitor. 
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from  the  heti 
it  Is  known 


»•  a  ■*  as  I  **♦>-**•• '•S  •  * 


Traction  Njrr.De'’ 


Fig.  Molecular  filtration  of  polvfADP-H)  (isolated  hv  horenau  affinity 

chromatograptiv)  on  Scphadcx  G-V>.  V  ■  prott  in-polv(  Al'I’-k)  adduct  extra*  (i  d 
I  tor  nuclei  incubated  in  the  present  ♦  of  PV>  F .  Tm  broad  pr.i*  shows  1 1 11 
(A1»’*“K)  released  by  base  treatment  or  tormcJ  in  the  absent. e  of  protease 
inhibitor. 


The  identity  of  the-  protein  hound  (AOI'-K)  oligomer  was  established  by  its 
resistance  to  RNA-asv  und  !>NA-jse  ,  but  subsequent  digestion  nv  snake  Venom 
phosphod test  erase . 

The  diliydroxyborv  1  af  f  i  ni  tv  Chromatography  technique,  illustrated  in  Fig.  5, 
enables  a  direct  isolation  of  the  natural  products  of  the  poly(ADP-K)  polymerase 
enrvme  sv>t»r.  Although  we  are  in  the  process  of  perfecting  this  technique, 
its  usefulness  was  tested  even  in  its  present  stage  of  development.  Since  the 

8 

predominant  target  proteins  of  polv(ADP)  ribosvlation  are  nonhistone  proteins, 
ttiat  are  knowi.*”  to  plav  a  special  role  in  the  regulation  of  chromatin,  we 
determined  their  pulv(ADP)  ribosvlation  in  nuclei  isolated  f  ri'«  live,  a  of 
normal  anu  pre-cancerous  hamsters.  Knzvnutic  assav  of  poly(ADP-R)  polymerase 
at  two  protein  concentrations  revealed  a  significant  decrease  of  enzymuti*. 
activity  in  nuclei  isolated  from  livers  of  dimethylnitrosaoine  treated  hamsters. 
In  agreement  with  the  enzymatic  assay,  the  quantity  of  protein  adducts 

■isolated  from  nltrosaaine  treated  hamsters  by  the  affinity  column  method,  also 
diminished  significantly  in  nuclei  incubated  in  vt  c  ro  with  NAV. 

It  is  predictable  that  analyses  of  an  entire  population  of  nuclei  prepared 
from  the  heterogeneous  cellular  mass  of  a  liver  may  be  severely  falsified,  since 
it  is  known  ttiat  the  carcinogenic  action  of  dimcthylni trosamine  is  confined  to 
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Fraction  nornnir 

Fig.  5.  Elution  profile  ot  polv(ADP-R)  protein  adduct*  f run  a  boronate  affinity 
column  run  in  bM  guan id ine-HCl  .  The  pH  change  wus  from  b.J  to  t.. 

a  relatively  small  number  of  liver  Cells.  It  follows  that  a  large  effect  on 
relatively  few  nuclei  could  be  diluted  by  the  predominance  of  normal  nuclei. 

Despite  this  unfavorable  statistical  condition,  a  lift  decrease  ol  < Alii* —ft > 
protein  formation  (Fig.  •■ ,  C)  and  j  22S  decrease  of  apparent  polymerase  activity 
(Fig.  h,  A .11)  were  detectable  Ir.  livers  of  dimethylnf tro.sar.ine  treated  hamsters; 
therefore  a  far  larger  quantitative  and  perhaps  qualitative  difference  may 
.actually  exist  In  the  selected  number  of  pre-cancerous  liver  cells  1 n  v 1 vo .  Wo 
are  presently  developing  an  lsopicnlc  centrifugation  technique  capable  ol  * 
separating  various  populations  of  liver  cell  nuclei.  It  is  anticipated  that 
more  detailed  studies  of  various  populations  of  liver  cell  nuclei  will  provide 
further  more  specific  Information. 

DISCUSSION 

Experimental  results  illustrate  the  importance  of  assessing  the  quantities 
of  (ADP-R)  polymers  by  a  direct  analytical  method,  Chat  la  independent  of  the 
radiochemical  detection  of  a  labelled  precursor  incorporated  into  the  polymer, 
basic  nuclear  proteins  assume  a  relatively  minor  role  (less  than  12)  in  serving 
as  (ADP-R>n^^  acceptors  (Tables  1,  2).  This  fact  alone  does  not  argue  against 
the  possible  significance  of  ADP  ribosylation  of  histones  in  the  regulation 
of  chromatin;  however,  a  singularly  important  modification  of  polynuclrosomal 
chromatin  structure  by  the  modification  of  II ^  alone  seems  less  convincing  in 
view  of  the  fact  that  In  vivo,  all  species  of  histones  are  nearlv  equally 
pol vadenos inedi phosphor ibosvlated .  The  preponderance  of  nonnistone  proteins 
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Fie.  o.  Polv(APP-R)  polymerase  activities  of  nuclei  Isolated  fron  normal  and 
p re-cancerous  hamsters.,  (A  ■  0.3  ®g  protein/2U0  test  nvsuih,  b  •  0.12  «*/ 

2i.'>  >1 1  test  svstcrn)  1  *t-NAP*  ■  2.tt  x  M»7  dpm,  SAD'*’  •  0.^  mV,  0.S  m.M  Fl)l A , 

100  mM  Tris-HCl  (Ph  M.O),  J  mV  d i  C h  1  ot hre i  tol  ,  o  *.M  KF ,  JO  nM  MeU  ,t  1  mM  PMSF, 
T  »  JP*C.  fC  *  the  quantity  of  polv(APP-K)  protein  adducts  isolated  t»v  affinity 
chromatography  from  nuclei  fJH  mg  protein)  Incubated  for  10  ninutvs,  fas  hi  A 
or  B)).  r 


which  serve  as  (ADP-K)^^  acceptors.  Introduces  the  possibility  that  the 
SAD*  ■■■  ¥  poly(ADP-R)  pathwav  nay  profounuly  modify  proteins  of  unknown  function 

that  possess  the  unique  property  of  forming  lBwunologi  tall  v  tissue*  specific 
complexes  with  homologous  PNA.  ^ 

The  significant  decrease  of  poly(ADP)  rlbosylacion  of  nuclear  proteins  by 
nuclei  isolated  from  pr*-c ancerous  hamster  livers  tends  to  suggest  that  further 
analvsis  of  this  phenomenon  may  lead  to  a  biochemically  definable  system  that 
is  related  to  Je-di  f  f  erent  iation .  Since  histological  exa.iun.it  ion  of  pre- 
cancerous  livers  revealed  no  traces  of  necrosis,  the  enzymatic  and  chemical 
analyses  are  not  falsified  by  a  non-specific  decrease  of  celluljr  proteins. 

This  problem  as  well  as  the  physiologically  meaningful  de-repression  of  cardiac 
protein  synt:.e<U:»  in  v  i  vo  following  the  inhibition  of  (Alv-r.  >  syndic*  is  ^  are 
being  further  studieJ. 


Slip  m  ?  v 

^:  ..JS>  A^'fVr  ft- 

’  I,  V 

e-,1  .*  4*  Jf  ’  ‘  -A 

i'.“  .■:'.  r?*.-  ,  *■,?  .■ 


130 

ACKN0W1ZDC.EMENTS  , 

Thl*  work  was  supported  hv  grants  from  tb*  American  Cancer  Socletv  (UC-304) 
and  the  United  States  Air  Force  Office  of  Scientific  Research  (AFOSK-7H- 3698A) . 

REFERENCES 

1.  Metabolic'  Interconversion  of  Enzvmes  (1976)  Shaltiel,  S.  ed..  Springer 
Publ.,  New  York. 

2.  Felsenf eld ,  C.  (197H)  Nature,  271,  116-122. 

3.  Ueda,  K. ,  Kawatchi,  M.,  Okavama,  II  and  Havalshl,  0.  (1979)  J.  Hlol.  Cliem., 
254,  679-687. 

4.  Okayama,  H.,  Edson ,  C.M. ,  Fukushlma,  M. .  Ueda,  K.  and  Havalshl,  O.  (1977) 

J.  Biol.  Chem.,  252,  7000-7005. 

5.  Yoshihara,  K.,  Hash  Ida,  T.,  Tanaka,  Y.,  Ollgusht,  H.,  Yoshiltara,  H.  and 

K. tmiya,  T.  (1976)  J.  Biol.  Chem.,  253,  6459-6466. 

6.  Tsopanakis,  C. ,  Leespn ,  E . ,  Tsopanakls,  A.  and  Shall,  S.  (1976)  tur.  .1. 
Bioclum.  ■  90,  337-345. 

7.  kuu,  E. ,  Chang,  A.C.Y.,  Sharma,  N.L.,  Ferro,  A.M.  and  Nltockv,  0.  (197b) 
Proc.  Natl.  Acad.  Scl.  US.,  73,  3131-3135. 

8.  Minaga,  T.,  Koraaschln,  A.O.  ,  Kirsten,  E.  and  Kun,  E.  (|97't)  J.  Biol.  Chen'., 
254,  9663-9668. 

9.  Ferro,  A.H.,  Minaga,  T.,  Piper,  W.N.  and  Kun,  fc.  (I97H)  Btochem.  ItioiiiiVs. 
Acta. ,  519,  291-305. 

10.  Ilerrold ,  H.M.  (1967)  J.  Nat.  Cancer  Inst.,  39,  1099-111  1  . 

11.  Hilt,  it.  and  Stone,  P.  (197b)  Physiol.  Blochcm.  Pliarr.n  ol . ,  7c,  |-y. 

12.  Steir.,  C.S.,  Spclsberg,  T.C.  and  Klcinsmi th ,  U.J.  (111.)  Science,  ]H>, 
817-624. 

13.  Macl.illivary,  A.J.,  Cameron,  A.,  Krauze,  D.,  Kicltvond,  0.  and  Paul,  J. 

(1972)  Blochem.  Biophys.  Acta.  277,  384-402. 

14.  Bekhor ,  I.,  Lakshmi,,  A.,  Kim,  J.,  Lapevre,  J.N.  and  Mamhattgh,  K. 

(1974)  Ard*.  Biuchem.  Blopfivs.,  Ibl  ,  11-19. 

15.  Wang,  S,,  Chu,  J.F.,  Klyszej).o-Stef  anowit  z ,  L.,  Fugilani,  II.,  Annsevin,  A.F. 
and  Mntlica,  L.  (1976)  J.  Biol..  Chem.,  251,  1471-1475. 

16.  Minaga,  T.,  Marton,  L.,  Piper,  W.S.  and  Kuu,  E.  (1978)  F.ur.  J.  Blorhrtn., 

91,  577-585. 


DISCUSSION 

UK.  JACOBS 
r those)  coni' 
DK.  KUN: 
large  inrubai 
DK.  01  LI.: 
polymers  _ln  1 
DK.  KUN:  *  .. 
DK.  01LL: 

Dk.  KUN: 

DK.  01  LL. 
there? 

DK.  KUN: 

DK.  HILZ: 
DK.  KDN: 

DK.  K 1 DWEI 
DK.  KUN: 

DK.  M1WA: 
corrected  If 
DK.  KUN: 
vtmi  laborat- 
beyond  4 . 

DK.  M1WA: 
gel 

DK.  KUN: 

DK.  BF.KOF.i  . 
more  antiho'i 
DK.  KUN: 

DK.  hkri.f: 
III:,  lilt..  : 
your  melli.s; 
Thus  i  t  con  i 
rihttse)  slf 
mavhe  a  rib 
lilt.  KUN: 
plies  phud lest  ■ 
DK.  II 1 17: 
hew  can  you 
DK.  Kl'N: 

DK.  KAMA I : 
that  might 
I'1:.  KUN:  .. 
extensive Iv . 


f 
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D*.  JACOASON:  Concerning  the  djtj  on  the  lost  j*  I  i  !»  ,  was  that  polv(Ai»P- 
l,bo .«  >  content  ? 

bk.  KIN:  That  won  the  synthesi*  ol  a  po  ly  t  ADP-  r  those  >- prof  el  n  complex  in  a 
•r,»  i:k  ubation. 

DK.  oil.!.:  ur.  one  of  your  si  tiles,  vau  indicated  th.it  vim  had  JeterteJ  free 

•  •  v  *r.e  r  :•  vi  vo-  What  is  your  ividi-m  r  that  whjl  van  t  was  fro  p»  >  I  vme  r  ■ 

rv.  KP.:  We  idcnt il led  it  by  enzymic  digestion. 

».S.  h'tl.:  How  iloi’s  that  sh»«w  tli.it  it's  :  r*i-  ’ 

!>k.  K.  *. :  Tran’s  no  protein  in  it. 

bk.  «.»!.!.:  luu  mean  you  add  enxvitu-  to  it  and  then  snow  there '»  no  protein  , 

•ifi  ' 

bk'.  M“:  No,  we  'isolated  the  product. 

l*V.  »•:!/:  'cu  assume  that  these  are  peptides’ 

!'*  .  k '  V es  . 

.'s,.  •  J  I*WKJ  1. :  Did  v.ui  give  the  data  in  terms  of  my  p«>  I  v  ( ADl’K)  /my.  I'NA.’ 
i’H .  V'*.:  Ws,  approx imatvl\  Vjo  ng/irg  It*. A. 

l>s .  Vt.'N:  Iherv  .ire  iriain  length  «•'  Ivct-  of  untlhodv  binding  that  must  be 
*rr*vtid  lor  and  t'ie»»  .  nrrei  t  loin*  m.n  hi  important. 

!>#«.  .  1  P. :  Tier*-  is  surv  d  is  an  reemenf  anout  the  ,irn  ilxnfv  ve  use  ,*ind  that  «>f 

•»»r  lar*orat»»r\.  «  » . r  jtuipoi!-  J.hsi.’i  see  anv  did  t.  re  *.  .  »n  tiuin  lengths 
v.  tjJ  *  . 
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PART  1:  PROGRESS  REPORT  (PERIOD:  DECEMBER  1978  TO  FEBRUARY  1980) 

A.  Published  results.  The  purpose  of  this  work  was  not  only  to  include 
all  molecular  species  of  (ADP-R)n  in  the  method  of  isolation  and  analysis 
of  poly  ADP-R  from  small  tissue  samples  but  also  to  devise  a  technique  that 
permits  the  isolation  of  poly  ADP-R  and  ADP-R  protein  adducts,  which 

are  the  actual  products  of  enzymatic  polymer  formation.  Both  approaches 
were  successful  and  it  was  shown  by  immunochemical  and  later  by  chemical 
methods  that  the  predominant  poly  ADP-R  acceptor  proteins  are  non-histone 
proteins,  providing  the  critical  experimental  basis  for  further  work.  It 
was  also  shown  by  a  specially  developed  boronate-affinity  column  chromatography 
which  selectively  isolates  ADP-R  and  poly  ADP-R  protein  adducts  that  no  free 
poly  ADP-R  exists  in  cells  under  physiological  conditions  and  previously 
reported  "free  poly  ADP-R  fragments"  found  in  tissues  are  an  artifact  of 
faulty  isolation  methods.  These  results  were  published  (1,2)  and  some  results 
obtained  by  the  boronate  affinity  method  are  shown  in  Fig.  4  and  Fig.  5  of 
ref.  2  and  ref.  1.  As  an  approach  to  the  in  vivo  biological  role  of  poly 
ADP-R  in  normal  rats  and  hamsters  14C-ribose  labeling  kinetics  was  performed 
and  two  main  rapidly  labeled  molecular  species  of  liver  poly  ADP-R  were 
identified  (Fig.  1  of  ref.  2).  A  time  dependent  variation  in  macromolecular 
spec.  act.  (14C-ribose)  was  demonstrated  (Fig.  2  of  ref.  2),  illustrating  the 
dynamic  state  of  the  polymer.  The  tJj  of  in  vivo  ribose  labeling  of  both  NAD+ 
and  poly  ADP-R  were  found  to  be  between  277  -  3.1  hours;  thus  a  typical  pre¬ 
cursor-product  relationship  between  NAD+  and  poly  ADP-R  was  established  in  vivo. 

The  biological  variation  of  poly  ADP-R  metabolism  during  early  precancerous 
state  (Fig.  6  of  ref.  2)  was  studied  by  first  determining  the  rates  of  enzymatic 
elongation  of  poly  ADP-R  sites  in  isolated  chromatin  preparations  from  normal 
and  carcinogen  treated  hamster  livers.  A  relatively  small  (25-32%)  but  stat¬ 
istically  significant  decrease  in  the  rates  of  labeled  ADP-R  incorporation  was 
recorded  in  chromatin  of  hamster  treated  for  one  month.  As  pointed  out  in 
ref.  2,  it  is  expected  that  isolated  subpopulations  of  liver  cells  are  likely 
to  exhibit  a  much  larger  response  than  the  average  measured  in  a  mixed  nuclear 
population.  This  problem  is  presently  pursued.  In  liversrof  hamsters  treated 
with  the  hepatocarcinogen  for  2  months,  the  above  phenomenon  (shown  in  Fig.  6 
of  ref. 2)  was  reversed;  thus  a  small  increase  in  rates  of  ADP-R  incorporation 
(elongation)  occurred.  Present  results  suggest  that  the  apparent  reversal 
phenomenon  is  real,  and  may  indicate  a  new  observation:  a  time  dependent  res¬ 
ponse  due  to  the  prolonged  effect  of  the  hepatocarcinogen.  This  question  will 
be  further  studied. 

B.  Unpublished  experiments.  In  further  work  radiochemical  and  chemical 
techniques  were  combined.  Chemical  methods  include  the  isolation  of  protein 
ADP-R  adducts  by  affinity  chromatography,  cleavage  of  ADP-R-protein  bonds  in 
alkali  (0.1  N  NaOH)  followed  by  reisolation  of  free  (ADP-R)n  oligomers  on  a 
second  boronate  affinity  column,  and  after  concentration  (freeze  drying) 
chemical  or  enzymatic  degradation  of  the  free  polymer  to  characteristic 
nucleotides  that  are  quantitatively  determined  by  HPLC  separation,  and  UV 
analysis  of  specific  radioactivities  of  ADP-R  oligomers.  It  also  allows  the 
subsequent  two-dimensional  electrofocus-electrophoretic  separation  of  de- 
ADP-ribosylated  proteins,  that  is  the  identification  of  proteins  which  were 
isolated  by  virtue  of  containing  covalently  bound  poly  ADP-R. 
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Summary  of  in  vivo  studies.  Preliminary  data  (Table  I,  Part  2)  are 
consistent  with  a  significant  perturbation  of  NAD+  poly  ADP-R  metabolism 
in  the  early  precancerous  state.  The  large  increase  in  poly  AOP-R  content 
after  one  month  treatment  with  the  hepatocarci nogen  followed  by  a  relative 
decrease  in  content  and  simultaneous  increase  in  specific  radioactivities  of 
both  NA0+  and  poly  AOP-R  indicates  an  increased  flux  throught  the  NAD+  -*• 
poly  ADP-R  pathway  in  the  precancerous  state.  This  in  vivo  kinetic  phenomenon 
coincides  with  a  significant  increase  in  the  rate  of^H-thymidine  incorporation 
into  DNA  in  vivo  Ipulse  labeling  with  200  uCi/100  g  body  weight  3H  thymidine; 
analysis  18  hours  later).  The  ONA  content  of  precancerous  hamster  livers  was 
3.0  mg/1  g  (after  treatment  with  the  hepatocarcinogen  for  two  months)  and  in 
controls  was  2.6  mg.  The  specific  radioactivity  of  DNA  is  70,290  dpm/mg  DNA 
in  precancerous  and  19,380  dpm/mg  DNA  in  controls. 

Alkaline  sucrose  density  gradient  ultracentrifugal  analysis  (Fig.  1) 
shows  that  there  was  an  increased  labeling  of  all  populations  of  single 
stranded  DNA  but  a  progressively  larger  labeling  of  DNA  species  with  short 
chain  length  (top  of  gradient).  This  labeling  pattern  can  be  explained  by 
the  increased  rates  of  DNA  biosynthesis  as  observed  in  vivo.  It  would  be 
expected  that  growing  chains  of  single  stranded  DNA  at  templates  would  be 
progressively  more  labeled  by  3H-thymidine  under  these  circumstances;  there¬ 
fore  a  preferential  increase  of  3H  counts  in  DNA  populations  of  smaller 
molecular  weight  is  predictable.* 

In  vivo  labeling  of  the  protein  moiety  of  poly  ADP-R-protein  adducts  by 
the  same  dose  of  3H-leucine  that  significantly  labels  tissue  proteins  30 
minutes  after  i.p.  injection  (cf.  3)  did  not  introduce  detectable  3H, 
suggesting  a  significantly  slower  turnover  of  these  predominantly  non-histone 
proteins  than  of  other  cellular  proteins.  Extensive  35S-methionine  labeling 
of  rat  pituitary  tumor  cell  cultures  (collaboration  with  Dr.  N.  L.  Eberhardt, 
Department  of  Medicine,  University  of  California,  San  Francisco)  followed  by 
isolation  of  poly  ADP-ribosylated  proteins  by  the  affinity  chromatography 
techhique,  then  analysis  in  one  dimension  by  electrofocusing,  second  dimension 
by  electrophoresis  (SDS-slab  gel  technique)  disclosed  the  existence  of  at 
least  28  peptides  that  were  isolated  by  this  method,  demonstrating  covalent 
poly  ADP-R  binding.  Actin  and  a  group  or  predominantly  non-histone  proteins 
were  identified  and  only  a  small  amount  of  histone  type  proteins  were  found, 
confirming  earlier  results(l). 

In  vitro  experiments  with  chromatin  preparations  isolated  from  normal 
and  precancerous  hamster  livers.  As  an  extension  of  results  published  in 
ref.  2,  the  total  quantities  of  poly  ADP-R,  consisting  of  pre-existing 
endogenous  poly  ADP-R  and  newly  formed  14C-labeled  chains  synthesized  i_n 
vitro  by  incubation  with  l4C-NAD+,  were  determined  with  the  aid  of  the 
vitro  chromatin  assay  system  (see  2).  Both  radiochemical  and  chemical 
analytical  methods  were  combined  on  the  same  incubation  system. 

♦Despite  the  significantly  larger  incorporation  of  JH-thymidine  into  ONA  in  pre- 
cancerous  livers  no  significant  increase  in  DNA  content  occurs,  indicating  also 
an  increased  rate  of  DNA  breakdown.  The  question  arises  whether  or  not  the 
increased  ADP-ribosylation  of  the  DNA-ase  inhibitor  actin  (Fig.  2,  Tables  II,  IV) 
counteracts  the  inhibitory  effect  of  action  on  DNA-ase.  This  problem  is  being 
studied. 
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As  shown  in  Table  II  pretreatment  with  the  hepatocarci nogen  .for  one 
month  resulted  in  the  large  increase  in  endogenous  poly  ADP-R  content  (compare 
with  Table  I,  Part  2)  but  only  a  small  fraction  of  newly  formed  ADP-R  oligomers 
were  synthesized  in  vitro.  Relatively  larger  quantities  of  newly  formed  oligomers 
synthesized  in  chromatin  systems  prepared  from  control  animals  containing  ten 
times  smaller  amounts  of  pre-existing  endogenous  poly  ADP-R. 

These  results  illustrate  that  relatively  limited  information  can  be  ab¬ 
stracted  from  customary  radiochemical  enzyme  assays  alone  (see  Table  II),  and 
without  the  quantitative  approach  developed  in  the  course  of  these  studies 
most  of  the  significant  observations  would  have  remained  undetected. 

Two  methods  were  used  for  the  study  of  the  nature  of  chromatin  proteins 
that  served  as  acceptors  for  newly  formed  ADP-R  oligomers  in  the  in  vitro 
chromatin  assay  system. 

First  method:  SDS-tartaramide-gel  electrophoresis,  followed  by  radioautography 
and  gel  scanning  of  radioautograms.  This  method  provides  an  estimation  of 
molecular  weights  of  peptides  that  are  templates  for  newly  formed  radioactive 
ADP-R  oligomers.  It  does  not  determine  the  quantity  of  protein  acceptors  nor 
the  total  amounts  of  poly  ADP-R,  but  indicates  only  the  quantity  of  newly, 
formed  radioactive  ADP-R  oligomers.  Since  in  exploratory  experiments  actin 
was  tentatively  identified  as  a  specific  non-histone  protein  ADP-R  acceptor  of 
chromatin,  preparations  from  both  normal  and  precancerous  hamster  livers 
were  incubated  ±  actin  and  labeled  NAD  .  Results  are  shown  in  Fig.  2. 

It  is  apparent  that  in  all  chromatin  systems  a  labeled  protein  with  a 
molecular  weight  of  42  KD  could  be  detected  and  addition  of  authentic  actin 
(obtained  as  a  gift  from  Dr.  M.  Morales,  Univ.  California,  San  Francisco) 
proportionally  increased  the  ADP-ribose  labeled  protein  which  was  indistin¬ 
guishable  from  actin.  ADP-ribosylated  actin  could  be  re-isolated  and  extracted 
from  the  gel  system.  Generally  a  significantly  larger  labeling  occurred  in 
peptides  of  chromatin  that  were  isolated  from  precancerous  hamster  treated 
for  one  month  with  the  hepatocarci nogen,  consistent  with  results  summarized 
in  Table  I,  Part  2.  A  -large "molecular  weight  fraction  was  seen  in  the  gel  near  the 
origin  (fr.  1)  suggesting  the  presence  of  long  chain,  probably  cross  linked 
poly  ADP-R-protein  complexes.  Only  trace  amounts  of  histones  could  be  identified 
(by  mol.  wt.),  confirming  earlier  results  (1)  that  non-histone  proteins  are 
indeed  the  predominant  poly  ADP-R  acceptor  proteins  of  chromatin.  The  radio¬ 
active  bands  in  the  gel  were  sliced,  extracted  and  analyzed  individually, 
as  shown  in  Table  III. 

Histones  and  actin  were  re-isolated  and  their  poly  ADP-R  content  determined. 
Results  are  summarized  in  Table  IV.  It  is  apparent  that  actin  added  to  a 
chromatin  preparation  that  performs  anzymatic  ADP-ribosylation  is  about  10 
times  more  ADP-ribosylated  (on  a  molar  basis)  than  the  combined  histone  fraction 
of  chromatin.  This  observation  is  again  consistent;  with  previous  results  (1) 
that  identified  non-histone  proteins  as  primary  ADP-R  acceptors. 

Identification  of  actin  as  a  major  ADP-R  acceptor  in  chromatin  predicts  a 
new  experimental  approach  to  the  study  of  the  regulatory  effect  of  ADP-ribo- 
sylations  in  chromatin.  It  is  known  that  actin  is  the  naturally  occurring 
inhibitor  of  DNA-ase  I  (4);  therefore  if  ADP-ribosylation  modifies  this 
inhibitory  effect  of  actin  then  the  NAD  -*>  poly  ADP-R  pathway  represents  a 
molecular  mechanism  that  regulates  nucleolytic  activity  during  various 
biological  conditions. 


Fig.  1.  Alkaline  sucrose  density  gradient  profile  of  DNA  labeled  In  rivo 
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legend  to  Fig.  1.  . 

Alkaline  sucrose  density  gradient  profile  of  OKA  labeled  Is  Tiro.  - 

Ruelel  disrupted  In  22  SOS  ♦  20  aM  EDTA  equivalent  to  0.22  ag  OKA  vere 
layered  on  a  linear  sucroae  gradient  (5  to  202)  containing  100  aM  NaCl, 

100  aK  NaOH.  Oltracentrlfugatlon  at  300,000  *  g  for  1  h,  followed  by 
fractionation  and  radiochemical  asaay  in  fractions  for  OKA  by  the  glass 
fiber  filtration  technique.  The  experiment  was  performed  18  hours  after  pulse 
labeling  of  OKA  In  vivo  with  200 juCI  ^H-thymldine/lOO  g  body  weight. 


■'  f ■ 
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Table  ZZ 

Foly(ADP-R)  content  of  normal  and  precancerous* 
hamster  liver  nuclei  following  in  vitro 
incubation  with  0.5  mM  NAD+  (  fluorometry) 


Nuclei 

Foly (ADP-R)  in  nmolcs/ag  DNA 

Total 

Pre-existing 

Synthesised 

Control 

33 

20 

13 

Precanceroue 

211 

200 

11 

•Treated  for  1  month  vith  DHNA  0.5  mg/veek. 


twelve  mg  DNA  equivalent  e ample*  of  ehroaatln  were  Incubated  for  30  min  at  30* 
with  0.5  M  NAD+  (l^C-labeled  in  the  adenine  moiety)  in  100  mM  Tria-HCl  buffer, 

20  mM  MgCl2,  0.5  mM  EDTA,  2  mM  DTT,  6  mM  RP  in  a  final  volume  of  2  ml. 

Pre-existing  poly  ADP-R  was  determined  by  the  Isolation  of  poly  ADP-R-proteln 
adduct*  by  the  boronate  affinity  chromatography  method  and  aubaequent  fluorometrlc 
analysis  of  baae  dlaaoclated  poly  AP?-X  follovlng  bydrolyala  (ace  scheme  in 

V).  Newly  formed  poly  ADP-R  chains  were  determined  by  rsdiochcmical  analyses. 


Control  w.'cte*  (SUjjq  nudear  ptottin)  Nuclei  from  ratrosamins~trMtod*  hamsters 

( *2  months) 


Trypan  I  BSA  RNA  Soy  Bean  Trypan]  BSA 

w  1  polymerase  Inhibitor  1 

42.000  42,000 

Actin  Actin 

Electrophoretic  separation  of  poly  ADP-R  protein  adducts 


Legend  to  Fig.  2. 

Title:  Electrophoretic  eeperetlon  of  poly  ADP-R  protein  adduets. 


Xneubetlon  eonditleoa  vere  the  ease  ee  described  In  the  legend  of  Table  I, 
except  on  a  email  scale  (38  ^ig  nuclear  protelns/lncubate) .  The  TCA  (10Z) 
precipitated  protein  edduete  were  washed  4  times  with  10Z  TCA,  then  TCA  was  removed 
by  dlethylctber,  end  the  precipitate  dissolved  In  a  buffer  containing  1Z  SOS, 

15Z  sucrose,  10  aM  Trie  (base),  10  aM  NaCI,  1  mH  EDTA,  40  mM  DTT  pH  7.5. 

The  gel  electrophoresis  was  run  on  8.7Z  H.N’-diallyltarterdiamlde  cross-linked 
polyacrylamide  gel  (soluble  in  2Z  HIO4).  Coomassle  blue  staining  and  radioautography 
vere  performed  on  separate  but  Identical  gels. 

Ordinate:  relative  absorbance  aa  recorded  on  gel  scanning  apparatus;  gel  scan 
of  autoradiograms. 

Abscissa:  electrophoretic  mobility  (from  right  to  left)  and  mol.  vt.  standards. 
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Table  III 

**C-ADP-R  content  of  gel  fractions  shown  In  Tig.  2 


Molecular 

Mess 

Traction 

Humber 

Control 

Control 
♦  .»ctin 

DMNA 

treated 

BMNA  treated 
♦  setin 

>1551® 

1 

18,163 

18,427 

18,449 

21,566 

1551® 

2 

887 

1,418 

1,796 

1,386 

3 

1,818 

1,972 

2,280 

2,491* 

■ 

4 

880 

1,625 

1,855 

2,237* 

5 

2,458 

2,835 

3,035 

4,977* 

6 

3,501 

3,090 

4,505* 

6,084* 

601® 

7 

1,918 

2,080 

1.572 

4,398* 

9 

1,320 

.  2,122 

2,062 

2,318 

42®  set  in 

10 

2,093 

3,470 

3.802 

5,511* 

11 

2,001 

2,264 

3,039* 

3,452* 

12 

1,471 

1.948 

2,478* 

2,604* 

201®  histones 

13 

1.555 

1,499 

2,850* 

2.080* 

201®  histones 

14 

1.617 

878 

1,854 

1,746 

14 

Results:  counts  (  C)  per  5  ain. 


Rote:  fraction  8  was  Included  into  slice  9.  r 

14 

The  gels  were  sliced  end  after  dissolution  in  2!  HIO4  C  content  determined 
by  scintillation  spectroaetry. 
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Table  XV 
Id  vitro 

Poly(ADP-rlbosylatlon)  of  endogenous  histones 
and  of  added  actin  by  chroaatin 
of  haastcr  liver 


No 

Preparation 

•  soles  ADP-R 
per  oole 

Actin  Histone 

Histone 

content 

j»tf  test 

1 

Control 
♦  6.4pg  actin 

*0.1 

5.6 

17.9 

2 

Control 

(no  additions) 

7.3 

17.0 

3 

DMKA  treated 
♦  7.1^ig  actin 

85.9 

f.l 

18.1 

4 

DKNA  treated 
(no  additions) 

11.1 

17.7 
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Second  method:  The  second  experimental  approach  for  the  study  qf  the  nature  of 
in  vitro  poly  ADP-ribosylation  was  HPLC-molecular  filtration  of *ADP-ribosylated 
proteins  that  were  isolated  by  the  boronate  affinity  chromatography  method. 

Both  radioactivity  (ADP-R  moiety)  and  absorbance  at  280  nm  were  monitored. 

It  would  be  expected  that  only  relatively  large  amounts  of  proteins  would  be 
detectable  by  UV,  whereas  small  quantities  of  ADP-ribosylated  proteins  would 
be  readily  determined  by  14C-ana1ysis .  As  shown  in  Fig.  3  in  chromatin  isolated 
from  both  normal  and  precancerous  livers  a  large  molecular  weight  protein  1 
fraction  (larger  than  158  KD)  was  separated  (assayed  both  by  14C  counts  and  UV) 
by  molecular  filtration.  This  protein  fraction  seems  to  be  identical  with 
fr.  1  in  Fig.  1.  However,  in  the  poly  ADP-R-protein  complex  isolated  from 
precancerous  livers  (two  month  treatment  with  the  hepatocarcinogen)  a  significant, 
UV  detectable  ADP-ribosylated  protein  of  about  47  KD  was  detectable.  The 
nature  of  this  protein  fraction  is  being  further  studied,  and  present  informa¬ 
tion  does  not  exclude  the  possibility  that  the  molecular  filtration  method 
may  signal  a  higher  app.  mol.  wt.  for  actin  as  compared  to  SDS  gel  electro¬ 
phoresis;  thus  the  protein  fraction  could  be  ADP-ribosylated  actin.**  The 
total  quantity  of  newly  formed  radioactive  ADP-R  oligomers  is  about  50%  higher 
in  the  protein  complex  isolated  from  in  vitro  ADP-ribosylatinq  chromatin  or 
precancerous  livers. 


**  The  mol.  wt.  of  G-actin  has  been  reported  earlier  as  55  to  66  KD  contaminated 
with  "heterodisperse  aggregates".  Later,  mol.  wt.  was  stated  to  be  between  42 
and  48  KD  (5).  Variation  'in  app.  mol.  wt.  may  reflect  different  degrees  of 
poly  ADP-ribosylation  of  either  actin  only  or  in  addition  to  actin  poly  ADP 
ribosylation  of  actin  associated  (regulatory?)  proteins.  Presently  DNA-ase 
Sepharose  affinity  column  in  applied  for  actin  studies. 


Fig.  3.  Molecular  Weight  profile  of  ia  vitro  poly  ADF-riboeylate<l  protclae  isolate*!  by 
boroaate  affinity  chromatography  (HPLC,  colira  TSK-3000  SV  aol.  sieve). 


Legend  Co  Fig.  3 


Title:  Molecular  weight  profile  of  In  vitro  poly  ADP-ribo«yl*ted  proteins 
Isolated  by  boronate  affinity  ehroaatograshy  (HPLC,  coluan  TSK-3000 
SW  aol.  sieve). 

The  quantity  of  poly  AOP-rlbosylated  protein  la  calculated  on  the  basis  of  0.22  ag 
DMA  present  In  both  Incubation  systems.  Incubation  systeas  were  the  same  as 
described  In  the  legend  of  Table  11.  This  was  Injected  Into  the  HPLC  systea  In 
a  voluae  of  200  yul  and  developed  with  1.5  M  guanidine  carbonate  containing  0.1  M 
acetate  buffer  (pH  6.0).  Fraction  vols.  ■  0.5  al^  flow  rate  •  0.4  al/ain  at 
rooa  teaperature.  CV  sbaorbanee  at  280  na  was  simultaneously  aonltored  In  the 
2PLC  apparatus  and  radioactivity  deternlned  In  eaih  0.5  al  fraction. 
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NEWLY  DEVELOPED  METHODS  AND  EXPERIMENTAL  DESIGN. 

The  following  new  methods  have  been  developed  and  are  being  adapted  fo 
research  aimed  at  solving  the  problems  listed  in  objectives. 

Methods 

1.  Dihydroxyboryl  affinity  chromatography 

Purpose:  isolation  of  ADP-R-protein  adducts  and  of  ADP-R  oligomer 
after  alkaline  cleavage  of  ADP-R-protein  bonds.  This  affinity  chromatography , 
originally  introduced  by  Inman  and  Dintzis  (6),  was  adapted  to  the  synthesis 
of  highly  substituted  acrylamide  type  molecular  sieve  base  extended  with  a 
linker.  A  high  degree  of  specificity  was  achieved  that  is  much  superior  to 
sepharose-base  affinity  columns,  the  latter  exhibiting  only  50-702  efficiency 
in  selectively  absorbing  ADP-R  oligomers,  whereas  the  poly  acrylamide-glutaryl- 
hydrazide-m-aminophenyl  boronic  acid  column  binds  reversibly  at  least  90%  of 
poly  ADP-R  proteins. 

Synthesis  of  m-aminophenyl-boronic  acid  glutaryl  hydrazide  poly 
acrylamide  affinity  column. 

ft  H  0  0  J(W)2 

r-C-N-N-C-CH2-CH2-CH2-C-NH-^0> 

H 

Initial  steps  were  adapted  from  ref.  6  and  Methods  in  Enzvmoloev  (Vol.  XXXIV. 
30-58,  1974). 

Ten  g  of  Biogel  P-300  (50-100  mesh)  were  stirred  for  5  houis  at  50*in 
hydrazine  hydrate  (600  ml)  and  allowed  to  stand  for  1  h  to  cool,  then 
extlnsively  washed  with  0.2  N  NaCl  in  a  coarse  sintered  glass  funnel  until 
traces  of  hydrazine  were  no  more  detectable  in  the  eluate  by  the 
trinitrobenzene-sulfonic  acid  color  test.  The  hvdrazine  gel  was  further  wash¬ 
ed  with  10  vol.  of  0.1  N  NaCl  and  resuspended  in  the  same  solution.  Recrystal¬ 
lized  glutaric  anhydride  was  added:  3  mmoles/moles  hydrazine  (on  resin).  This 
was  2.5  to  2.9  m  equ./g  dry  wt .  resin.  The  pH  was  kept  at}4.0  during  the  enitire 
procedure,  which  lasted  1  h  (by  small  additions  of  2  N  K0H).  The  carboxyl  con¬ 
tent  was  at  the  end  2.5  -  2.9  m  equ.  per  g  dry  wt.  of  resin.  The  final  condensa¬ 
tion  of  m-aminophenyl  boronic  acid  was  catalyzed  by  EDAC  ( l-ethyl-3-(3 
dimethylaminopropyl) -carbodiimide  KC1),  added  as  1.5  molar  equfv.  (to  m— amino 
phenyl  boronic  acid)  at  pH  5.5  for  16  h  at  4* and  1.5  fold  excess  (to  hydrazine 
resin)  m-aminophenyl-boronic  acid.  The  extent  of  reaction  was  followed 
according  to  ref.  7  ,  and  this  was  found  to  be  nearly  quantitative  under  these 
conditions.  The  resin  was  resuspended  in  6  M  guanidine -HC1  (or  carbonate) -}NaAc 
100  mM,  pH  4.0  and  washed  free  from  m-aminophenyl-boronic  acid.  Absorption  bf 
poly  ADP-R-protein^  (at  pH  8.2),  removal  of  DNA,  RNA  and  proteins  and  desorption 
of  ADP-R-proteins  at  pH  6.0  is  illustrated  in  Fig.  5  of  ref.  2  .  The  nucleib 
acid  specificity  of  the  column  was  tested.  Since  it  seemed  possible  that  traces 
of  RNA  could  be  absorbed  due  to  ribose  at  RNA  termini,  commercial  yeast  RNA  and 
DNA  were  methylated  (at  the  adenine  or  deoxyadenine  sites)  with  3H  dimethylsblfate 
(  ®  )  and  the  tritiated  RNA  and  DNA  passed  through  the  column.  D:,’A  did  not  absorb 
to  the  column  but  a  trace  (les3  than  0.42)  of  RNA  was  absorbed.  From 
comparison  of  14C-poly  ADP-R  and  3H-RNA 
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adsorption  testa  it  vs s  apparent  that  a  maximum  of  7  to  10Z  error  (interference) 
by  IMA  can  occur,  but  this  error  falls  vithln  the  Halts  of  accuracy  of  the  technique 
for  the  analysis  of  poly  ADP-R-protein  adducts  (+  15-20Z  S.D.),and  therefore  does 
not  measurably  falsify  results.  Furthermore,  RNA  completely  dissociates  from 
protein  In  6  M  guanidine  BC1  and  the  only  proteins  that  are  separable  by  the 
boronate  affinity  coluan  (cf .  2  )  are  proteins  containing  covalently  bound  ADP-R; 
therefore  the  method  la  specific  for  these  proteins.  This  was  also  tested  by  first 
dissociating  poly  ADP-R  from  proteins  at  pH  10.5,  then  passing  the  mixture  through 
the  boronate  coluan.  Mo  measurable  retention  of  proteins,  only  of  ADP-R,  vas 
observed  (cf.  2  ),  Indicating  also  that  no  Interference  by  glycoproteins  can  be 
detected  In  chromatin  extracts.  Chromatography  at  pH  8.2  does  not  measurably 
dissociate  ADP-R-proteln  bonds;  they  cleave  at  pH  10.5. 

2,,  Isolation  of  protein  (ADP-R)n  adducts  from  nuclei.  Poly  ADP-R  vas  found  to  be 
unexpectedly  stable  In  nuclei  Isolated  by  conventional  techniques  either  in  sucrose 
or  1°  S#trlc  add  (cf.  9  ),  provided  a  protease  Inhibitor  vas  present  during  Isolation. 
Poly  ADP-R  degrading  enzymes  (as  veil  as  enzymes  involved  In  MAD*  synthesis)  are 
readily  extracted  during  Isolation  of  nuclei  during  homogenization.  For  this  reason  It 
vas  not  necessary  to  continue  with  freeze  damping  (cf.i  )  of  total  tissue  samples 
and  analyses  of  Isolated  nuclei  gave  representative  values  found  by  the  freeze  damp 
technique  (1).  Either  after  In  vivo  labeling  (^C-rlbose)  or  after  In  vitro 
Incubation  of  sonicated  nuclei  (chromatin)  vith  labeled  MAD'*',  proteins  vere  precipi¬ 
tated  and  vashed  5  times  with  500  vol.  of  10Z  TCA  (4*),  quantitatively  removing 
soluble,  nucleotides.  The  precipitate  vas  dissolved  in  6  M  guanidine  HC1  (or 
carbonate )ad justed  to  pH  8.2  vith  100  mM  morpholine  buffer,  quantitatively  (more 
than  99Z)  solubilizing  all  radioactive  material,  and  the  solution  centrifuged  at  27,000 
x  g  for  20  min.  to  remove  fibres.  Adsorption  of  protein  ADP-R  adducts  st  pH  8.2  is 
shovn  In  ref.  23.  Column  size  vas  0.5  to  1  g  boronate  resin,  depending  on  sample  size. 
After  loading  (15-20  min)  and  vash  (160-170  ml  6  M  guanidine  HC1,  -morpholine,  pH  8.2) 
the  resin  material  vas  quantitatively  removed  from  the  column  and  stirred  In  s  beaker 
vith  20  -  30  ml  of  100  mM  NaAc.,  pH  4.0  (pH  vas  titrated  to  this  end  point  vith 
2  M  BC1),  the  column  vas  repacked  and  elution  continued  at  pH  4.0.  Eighty-five  to 
90Z  of  poly  ADP-R-proteln  adducts  vere  recovered.  The  eluate  vas  concentrated  on 
Amleon  THE  filter  to  1-2  ml.  Depending  on  the  purpose  of  further  steps,  the  solution 
vas  either  analyzed  on  HPLC-mol.  sieve  (Fig.  3)  or  by  gel  techniques  (Fig.  2),  or  clesved 
to  free  ADP-R  oligomers  at  pH  10.5  for  6  hours(20*).  Proteins  vere  precipitated  by 
HCIO4  <10Z),  CIO4"  removed  as  IT*  salt  and  poly  ADP-R  analyzed  either  by  Immuno¬ 
chemical  cr  chemical  methods,  by  enzymatic  degradation  to  characteristic  nucleotides 
(10)  followed  by  HPLC  separation  on  an  anion  exchange  column  either  as  free  nucleo¬ 
tides  or  derlvatlzed  by  chloroacetaldehyde  as  fluorescent  products  (  7 ) ,  detected 
fluorometrlcally.  When  non-labeled  poly  ADP-R  vas  Isolated  by  the  above  techniques 
trltlatlon  of  ollgo  and  poly  ADP-R  (and  of  ADP-R)  by  ^H-dimethyl  sulfate  and 
aubsbquent  gel  electrophoresis  (11)  provides  an  ultramicro  method  for  chain  length 
analyses  since  the  gel  technique  separates  oligomers  differing  only  one  ADP-R  unit. 
Combination  of  the  boronate  technique  vith  this  gel  method  la  presently  substituted 
for  the  more  laborious  enzymatic  methods  for  the  molecular  size  analyses  of  poly  ADP-R. 
The  trltlatlon  by  ^H-dimethylsulfate  of  poly  ADP-R  vas  developed  following  a 
published  method  for  DKA  and  RNA  (12). 
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SCHEME  OF  COMBINED  ANALYTICAL  METHODOLOGY 


(Nuclei 


from  Is  vivo 


is  vitro  incubation 


J 


BORONATE 
Chroma t. 


Alkaline 

dlasoclatlon 


E 


j 


ADP-R-protclns 
ADP-R)n-proteins 


ADP-R 

X 

5' -AMP 


2. 


V 

(ADP-R) n 

chemical 
labeling  with 
3h-(CH3)2S04 

l 

gel  electrophoresis, 
autoradiography : 
molecular  heterogeneity 


] 


Labeling  of  protein 
vith  l^C-Dansyl  Cl. 
[Increase  in  detection 
sensitivity  of  proteins] 


HPLC  mol.  aleve 


each  fraction: 

two  dimensional  gel 

(O' Parrel,  P.H.,  1975, 

J.  Biol.  Chem.  250,  4007-40021) 


1.  When  ADP-R  Is  labeled,  first  dissociate  from  protein  is  base,  then  label  protein 
with  l*C-Dansyl  Cl. 

2.  KNA  yields  2'  end  3 'AMP,  which  are  readily  separated  from  5 'AMP  by  HPLC 

on  anion  resin  with  PO4  gradient.  2'  and  3’AMP  do  not  bind  to  the  boronate 
column  and  thus  do  not  interfere  if  at  2  a  second  boronate  column  is 
Introduced.  ~ 
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The  above  scheme  provides  a  sooplece  analysis  of  all  species  (mono,  ollgo 
ADP-R  proteins)  and  also  includes  Independent  internal  controls  (e.g.  comparison 
of  ismiunoassay  with  (ADP-R) n  '  analyses  by  chemical  methods).  Soluble  nucleotides 
(a.g.  NAD+)  are  determined  by  HPLC  separation ,UV  monitoring  and— if  labeled— by 
radiochemical  methods. 

3  Separation  of  nuclear  populations  by  subfractionation  of  a  mixed  population. 

This  method  is  being  used  to  obtain  nuclear  fractions  from  various  cell  types  of  liver 
cells. 

Rationale  of  the  chosen  method.  Two  alternative  experimental  avenues  exist 
for  the  separation  of  cell  nuclei  derived  from  various  cell  types  that  comprise 
an  organ.  Cells  can  be  initially  separated  by  veil  known  perfusion  methods  (with 
eollagenase  +  hyalorunldase)  capable  of  disrupting  cellular  interactions.  This 
investigator's  experience  indicates  that  metabolicelly  functional  hepatocytes  can  be 
separated  by  the  above  perfusion  methods,  but  chromatin  of  eollagenase  treated 
liver  cells  is  often  damaged,  and  poly  (ADP-R)  content  always  decays  during 
perfusion  of  livers  with  eollagenase.  For  this  reason  we  first  Isolate  an  Intact 
mixed  nuclear  population  from  the  whole  organ  and  subsequently  differentiate 
nuclear  subpopulations  by  an  Isopyenlc  centrifugation  method.  It  should  be  noted 
that  tonal  centrifugation  has  been  successful  in  separating  "precancerous" 
nuclei  from  thloacetamide  treated  rat  livers  (121 . 

Centrifugal  method.* 

a)  One  g  of  liver  is  homogenized  in  5  volumes  of  medium  (0.25  M  sucrose,  10  mM  Tris- 
Hepes  pH  8.0,  3  mM  MgCl2,  0.1  mM  PMFS)  and  total  nuclei  separated  by  sedimentation 
at  1000  x  g  for  10  min  at  4*. 

b)  The  crude  nuclear  pellet  (from  a)  is  resuspended  (homogenized)  in  5  vol.  of  medium 
and  fibers  are  removed  by  filtration  through  4  layers  of  nylon  doth;  the  nuclei 
are  resedimented  (1000  x  g  for  10  min  at  4*). 

c)  The  sediment  obtained  in  b)  is  rehomogenized  in  5  vol.  of  medium,  now  containing 
in  addition  to  previously  described  components  also  0.1Z  Triton  X-100,  and  nuclei 
are  resedimented  as  in  b) . 

d)  The  Triton-treated  nuclear  pellet  of  c)  is  rehomogenized  in  5. vol.  of  2.2  M  sucrose 
containing  10  mM  Trls-Hepes  pH  8.0,  3  mM  MgCl2»  0.1  mM  PMFS  and  centrifuged  in  a 
preparative  ultracentrifuge  (model  L5-50B  in  SW-28  rotor  at  113,000  x  g  for  60  min  at  2* 

e)  The  purified  nuclei  obtained  in  d)  are  resuspended  in  2.0  M  sucrose,  10  mM  Trls- 
Hepes  pH  8.0,  7  mM  MgCl2»  0.1  M  PMFS  and  layered  on  a  discontinuous  sucrose  gradient 
(in  centrifuge  cups  of  the  SV-28  system).  The  total  volume  is  17  ml,  discontinuous 
sucrose  layers  are  3  ml  each  varying  from  top  2.3  M  to  bottom  2.85  M. 

Separation  lsachleyed  in  the  ultracentrifuge  at  118,000  x  g  for  2  hours  at  2*. 

The  results  of  such  an  experiment  are  shown  in  Fig.  4,  The  subpopulation  of  nuclei 
are  separated  by  gradient-slicing,  and  nuclei  are  being  characterized  by  microscopic 
examination,  DNA,  RNA  and  poly(ADP-R)  polymerase  assay,  as  well  as  by  chemical 
analyses  (protein,  DMA,  RNA  end  poly (ADP-R) -protein  adducts). 

Assay  for  poly  ADP-R-glycohydrolase  in  tissue  samples.  Adaptation  of  the  HPLC 
separation  of  ADP-R  on  an  anion  exchange  (HPLC)  column  by  PO4  gradient  provides  a 
specific  micro  assay  for  poly  ADP-R-glycohydrolase.  The  method  is  suitable  for 
enzyme  assay  in  homogenates  (in  0.15  M  JXl-Tria,  pH  7.4).  Sonicatlon  of  homogenates 


^Adapted  from  Jackovskl,  G.  and  Llev,  CC.,  Bioehem.  J. ,  in  press.  Dr.  Jackovskl  is 
joining  our  laboratory  in  April  1980. 


2.85.2.6 


discontinuous  sucrose  density  gradient  ultracentrifugation. 


and  sedimentation  of  particles  quantitatively  extracts  the  glycohydrolase 
from  nuclei  (13) .  Incubation  of  poly  ADP-R  (n  =  30)  with  the  sofuble  extract* 
followed  by  deproteini ration  (HC104)  and  HPLC  analysis  of  the  extract  for 
ADP-R  released  is  a  direct  assay  for  the  enzyme.  Optimal  assay  conditions 
are  presently  being  developed  for  the  assay  of  this  enzyme  in  animal  tissues. 
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PART  2.  RESULTS  OBTAINED  AFTER  FEBRUARY  1980  UNTIL  OCTOBER  1980 

In  contrast  to  a  large  variety  of  covalent  modifications  of 

both  histone  and  non-histone  proteins  by  phosphorylation,  acet¬ 
ylation,  methylations  etc.,  reactions  that  appear  to  exhibit  a 
relatively  broad  selectivity,  poly  ADP-ribosylation  by  (ADP-R)n 
in  small  rodents  in  vivo  is  confined  to  an  extent  of  at  least 
99%  to  non-histone  chromosomal  proteins,  as  determined  by  an 
(ADP-R)n  >  4  specific  IgG  antiserum  assay  (Minaga  et  al.,  1979). 
Similar  results  were  recorded  in  another  laboratory  in  varying 
biological  material  by  different  experimental  methods  (Bradehorst 
et  al. ,  1978;  Bradehorst  et  al.,  1979).  It  should  be  noted  that 
ADP-ribosylation  of  histone  Hj  in  vitro  is  readily  demonstrable 
when  larger  quantities  of  the  ADP-R  acceptor  histone  Hj  are  added  . 
to  the  purified  poly  ADP-R  synthetase  (Kawaichi  et  al.,  1380), 
but  this  is  a  typical  in  vitro  enzymological  result.  Quanti¬ 
tatively  misleading  results  can  be  obtained  in  vivo  or,  in  cell 
■  *■ 
cultures,  when  only  radiochemical  assays  of  ADP-R  are  the  basis 

of  analyses  without  consideration  of  the  absolute  quantities  of 
(ADP-R)n  (  Giri  et  al.,  1978;  Jump  et  al.,  1979).  It  is  obvious 
that  measurement  of  radioactivity  alone  does  not  distinguish 
between  small  quantities  of  highly  radioactive  (ADP-R)n  or  larger 
amounts  of  (ADP-R)n  with  lower  specific  activty,  both  parameters 
being  related  to  turnover  (Kun  et  al.,  1979).  There  is  no  doubt 
that  only  about  0.1  to  0.6%  of  the  total  (ADP-R)n  >4  is  associated 
in  vivo  with  histones  and  shorter  as  well  as  longer  homopolymers 
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exist  as  covalent  complexes  with  histones  {Minaga  et  al,  1979). 
However,  the  overwhelming  targets  of  ADP-ribosylation  are  non¬ 
histone  proteins  that  have  been  identified  by  the  pioneering 
experiments  of  Paul  and  Gilmour  (1968)  to  play  an  as  yet  not  well 
understood  role  in  the  regulation  of  differentiated  cellular 
functions  in  eukaryotes.  The  previously  proposed  correlation 
between  transcriptional ly  active  chromatin  and  the  degree  of 
ADP-ribosylation  (Mullins  et  al.,  1977)  is  presently  doubtful, 
since  more  recently  no  connection  was  found  between  the  localiza¬ 
tion  or  activity  of  poly  ADP-R  polymerase  and  transcriptional 
activity  of  chromatin  (Yukioka  et  al.,  1978). 

Since  positive  correlation  between  a  variety  of  differentiated 
cell  functions  as  well  as  differentiation  itself  and  the  regula¬ 
tory  role  of  non-histone  proteins  is  probable  (Paul  and  Gilmour, 
1968)  we  pursued  the  problem  of  the  regulatory  function  of  poly 
ADP-ribosylation  in  experimental  models  that  express  the  operation 

T 

of  development  and  differentiation:  early  phase  of  carcinogenesis, 
age  dependent  and  hormone  influenced  organ-specific  nuclear  res¬ 
ponses.  The  present  paper  is  concerned  with  on-going  experimental 
work  in  this  area.  Results  are  consistent  with  the  working  hypothe¬ 
sis  that  predicts  a  major  cellular  regulatory  function  of  poly 
ADP-ribosylation  by  way  of  modification  of  non-histone  proteins. 

This  modification  process  can  be  influenced  either  at  the  trans¬ 
criptional  level  resulting  in  variations  of  the  synthesis  of 
enzymatic  components  of 
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the  poly  ADP-R  synthetase  systems  or  by  changes  in  the  concentra¬ 
tion  of  target  non-histone  proteins,  or  both.  A  unique  metabolic 
effect  on  chromatin  function  through  this  system  is  suggested  by 
the  variation  of  AOP-ribosylations  due  to  metabolically  induced 
changes  in  NAD+/NADH  ratios  {  Kun  and  Chang  ,  1976)  possibly 
contributing  to  the  initiation  signal  of  stress-induced  organ 
hypertrophy  (  Zak  and  Rabinowitz,  1979). 

2.  Evaluation  of  methodology  for  in  vivo  studies 
The  advantage  of  in  vivo  experimentation  is  its  obvious  relevance 
to  physiologic  function.  Physiologic  interpretation  of  in  vitro 
enzymology  in  a  relatively  undeveloped  field  requires  constant  re- 
evaluation  of  in  vitro  systems,  since  it  is  uncertain  whether  or 
not  the  chosen  in  vitro  system  contains  all  regulatory  components 
present  in  the  intact  cell.  This  plurality  of  experimental 
approach  is  reflected  in  experimental  methods,  developed  in  our 
laboratory.  Notable  advances  in  related  areas  were  made  also  in 
other  laboratories,  but  the  present  paper  will  be  confined  to  the 
analysis  of  techniques  used  in  our  research  group. 

2.1  Immunochemistry  of  poly(ADP-R)n  >  4 
The  quantitative  analysis  of  the  homopolymer  poly(ADP-R)  by 
radiochemistry  is  hampered  by  the  absence  of  a  specific  precursor. 
Labelled  ribose,  or  32P  are  suitable  and  14C-ribose  is  preferable 
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because  of  Its  convenience  of  handling.  Adenine  is  an  unsuitable 
precursor  in  vivo,  probably  because  preferential  pathways  other 
than  those  leading  to  poly(AOP-R)  obscure  the  labelling  of  the 
homopolymer.  Development  of  a  highly  specific  anti-poly(ADP-R) 

IgG  rabbit  globulin  that  reacts  with  (ADP-R)  >  4  (Ferro  et  al., 
1978)  significantly  aided  our  experiments.  An  improved  extraction 
procedure  was  also  developed  that  was  used  to  determine  the  dis¬ 
tribution  of  the  polymer  among  various  types  of  nuclear  proteins 
(Minaga  et  al.,1979).  Combination  of  immunochemical  analyses  and 
in  vivo  labelling  (Minaga  et  al . ,  1979;  Kun  et  al.,  1979)  gave  a 
t!j  for  NAD+  and  of  poly  (ADP-R)  of  2.7  and  3.1  h  respectively,  in 
terms  of  ribose  incorporation,  the  slight  discrepancey  representing 
experimental  variation  only. 

2.2  Microchemical  Methods 

The  disadvantage  of  the  immunochemical  technique  is  twofold. 
First,  the  preparation  of  the  antibody  may  be  variable  and  second, 
the  method  does  not  detect  oligomers  smaller  than  tetramers.  For 
these  reasons  entirely  chemical  micro  procedures  were  developed. 
Poly  and  mono-ADP-ribosylated  nuclear  proteins  were  quantitatively 
Isolated  on  a  highly  substituted  affinity  column:  m-ami nophenyl - 
boronic  acid  glutaryl -hydrazide  poly  acrylamide  (Romaschin  et  al., 
1980),  that  exhibits  better  than  90S  recovery  of  ADP-R-proteins, 
in  contrast  to  50-70S  of  polysaccharide  based  columns  containing 
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no  spacers.  The  isolated  ADP-ribosylated  nuclear  proteins ,  con¬ 
taining  in  vivo  administered  labelled  precursors  (either  14C-ribose 
for  ADP-R,  or  labelled  amino  acids  as  protein  markers)  can  be 
directly  analyzed  by  HPLC-molecular  sieve  columns  (Romaschin  et  al., 
1980)  or  hydrolyzed  to  free  (A0P-R)n  and  proteins.  In  case  the 
protein  was  not  labelled,  3H-dan$ylation  is  performed  and  the 
macromolecular  protein  profile  of  the  ADP-R  free  target  proteins  of 
ADP-ribosylation  are  subjected  to  HPLC-molecular  filtration, 
combined  with  isotope  analyses  (Romaschin  et  al.,  1980).  For 
more  detailed  peptide  separations  the  proteins  are  labelled  with 
125I  and  subjected  to  one-dimensional  electrofocusing  and  SDS- 
electrophoresis  in  the  second  dimension.  Protein-free  ADP-R 
oligomers  are  degraded  by  purified  poly(ADP-R)  glycohydrolase,  and 
ADP-R  analyzed  as  a  fluorescent  derivative  on  an  anion  exchange 
column  by  HPLC-fluorometry,  using  a  phosphate  gradient  and  combined 
with  isotope  dilution  with  14C-ADP-R.  Less  than  piconwle  quantities 
are  readily  measurable.  Alternative  methods  were  developed  for  the 
determination  of  macromolecular  profile  of  ADP-R  oligomers.  Either 
HPLC-molecular  filtration  (when  the  homopolymer  contains  14C-ribose) 
was  performed  to  determine  the  newly  formed  oligomers,  detected  by 
ribose  labelling  (representing  mostly  chain  elongations  and  internal 
randomization  of  14C-ribose  with  the  unlabelled  ribose  pool)  or  by 
3H-dimethyl sulfate  labelling  of  a1J_  (ADP-R)n  species,  followed  by 
gel  eletrophoresis,  radioautography  and  densitometry.  A  combination 
of  above  techniques 
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Is  employed  In  our  laboratory  for  the  quantitative  assay  and  macro- 
mo  ecular  association  of  both  monomeric  and  oligomeric  (ADP-R)n- 
prntein  adducts.  Good  agreement  between  immunochemical  and  chemi- 
ca'  analyses  was  obtained  (Minaga  et  al.,  1979;  Kun  et  al.,  1979; 
Romaschin  et  al.,  1980).  It  was  also  confirmed  that  in  normal 
an  mal  tissues  there  are  no  free  ADP-R  oligomers  unless  artifi- 
ciilly  produced  by  the  action  of  intranuclear  proteases  during 
in  vitro  manipulations. 


3.  Quantitative  studies  in  vivo  during  the  early  precancerous 

state  induced  by  dimethyl -nitrosamine  treatment  of  Syrian  hamsters, 


The  first  model  related  to  pathophysiological  alterations  of 
differentiation  in  animals  was  the  early  stage  of  hepatocarcinogenesis 
in  Syrian  hamsters  treated  with  small  doses  of dimethylnitrosamine 
(wtekly  i.p.  injection  of  0.5  mg  per  100  g  body  weight  for  one  or 
twc  months,  Harrold,  1956).  As  described  in  the  paper  by  Romaschin 
et  al.  (1980)  treatment  of  one-mon*h-old  hamsters  for  one  month 


(f<}ur  injections  of  0.5  mg  dimethylnitrosamine/100  g)  resulted  In 
a  five-fold  increase  in  chemically  determined  poly(ADP-R)  and  a 
significant  increase  in  the  incorporation  of  in  vivo  administered 
^(-ribose  (50uCi/100  g)  into  both  poly(ADP-R)  and  NAD*,  Indicating 
an  Increased  turnover  of  the  pathway  NAD*  -»  poly(ADP-R).  There  Is 
simultaneously  a  decrease  in  the  steady  state  concentration  of  NAD* 


(  y  252),  consistent  with  its  Increased  utilization  for  the  protein 
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ADP-ribosylating  pathway.  Continued  treatment  of  hamsters  for  two 
months  diminished  the  difference  between  steady  state  concentrations 
of  poly(ADP-R)  between  normal  and  hepatocarci nogen-treated  hamsters, 
but  further  increased  the  rate  of  flux  between  NAD+  and  poly(ADP-R). 
Notably  the  turnover  of  ribose  in  two-months-old  animals  diminished, 
indicating  an  age  dependent  variation  of  NAD+  and  poly(ADP-R)  meta¬ 
bolism,  however  the  carcinogen  induced  increase  is  independent  from 
this  age-related  change  and  is  only  dependent  on  the  dose  and  time 
of  administration  of  the  carcinogen.  These  results  are  summarized 
in  Table  I.  Separation  of  labelled  poly  ADP-ribosylated  proteins, 
prepared  from  one  month  precancerous  hamster  livers  by  CsCl  density 
ultracentrifugation  is  shown  in  Fig.  1.  It  is  apparent  that  the 
three  macromolecular  components,  DNA,  RNA  and  poly(ADP-R)-protein 
adducts  are  readily  separable  by  this  physical  procedure.  Separa¬ 
tion  and  determination  of  the  macromolecular  profile  of  in  vivo 
14C-ribose  labelled  protein-poly(ADP-R)  adducts  in  1.5^N  guanidine 
formate  solution  by  HPLC  is  illustrated  in  Fig.  2.  Both  normal  and 
precancerous  (one  month  treated)  hamster  livers  were  analyzed  and 
the  molecular  profile  (on  HPLC)  was  monitored  in  a  TSK-3000  molecular 
sieve.  The  molecular  masses  (in  kilodaltons:  kd)  are  plotted 
against  fraction  numbers.  In  these  experiments  no  definite  deter¬ 
mination  of  the  absolute  quantities  of  poly(ADP-R)  is  possible 
because  pulse  labelling  in  vivo  randomly  labels  elongating  homo¬ 
polymers  and  is  also  recycling  with  endogenous  poly(ADP-R). 
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Quantitative  asessment  is  always  based  on  direct  chemical  analyses 
(see  Table  I).  The  protein-poly(ADP-R)  adducts  were  hydrolyzed, 
the  polymer-free  proteins  labelled  with  3H-dansyl chloride  and  both 
proteins  and  homopolymers  subjected  to  HPLC-molecular  mass 
analyses.  The  homopolymers  were  separated  on  a  TSK-2000  molecular 
sieve.  Results  are  shown  in  Fig.  3.  It  is  evident  that  In  pre- 
cancerous  liver  nuclei  poly  ADP-ribosylation  of  proteins  of  a 
mass  about  160  kd  is  greatly  increased.  The  analysis  of  the 
molecular  profile  of  free  homopolymers  indicated  that  only  about 
10  to  15%  of  in  vivo  mono  ADP-ribosylation  takes  place  and  at 
least  80  to  90%  of  the  homopolymer  is  larger  than  monomeric. 

These  results  extend  and  support  previous  analyses  obtained  by 
the  (ADP-R)n  >  4  specific  antiserum  (Minaga  et  al.,  1979)  but 
in  contrast  to  the  imnunochemical  method,  that  does  not  assay 
smaller  than  tetramers,  the  chemical  procedures  reveals  a 
detectable  quantity  of  mono-ADP-ribosylation.  However,  the  mono¬ 
mers  are  still  only  10  to  15%  of  the  oligomers. 

In  vitro  pulse  labelling  of  both  normal  and  precancerous 
hamsters  with  3H-thymidine  and  analysis  of  incorporation  into  DNA 
revealed  that  in  the  precancerous  animals  the  rate  of  thymidine 
Incorporation  increased  about  fourfold.  Alkaline  sucrose  density 
gradient  analysis  of  DNA  species  indicated  an  increase  of  DNA 
species  of  short  chain  length,  but  no  typical  fragmentation,  as 
observed  in  tissue-cultures  treated  with  high  concentrations  of 
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of  alkylating  agent  (2  mM  dimethyl  sulfate,  cf.  Durkacz  et  al., 

1980),  therefore  at  this  early  precancerous  stage,  where  no 
morphologic  evidence  of  malignancy  is  detectable,  there  is  no 
evidence  suggesting  a  correlation  between  DNA  fragmentation 
and  an  increase  of  poly(ADP-R)  metabolism.  It  is  probable  that 
2  mM  alkylating  drug  in  vitro  in  tissue-cultures  is  a  highly 
toxic  dose,  and  DNA  fragmentation  reflects  non-specific  toxicity. 

It  is  known  that  the  subtle  transformation  process  to  malignancy 
does  not  necessarily  involve  gross  chromosomal  alterations  (Dipaolo, 
1977)  but  coincides  with  much  less  obvious  modifications  of  DNA. 

Our  model,  that  focuses  on  an  early  stage  of  malignant  transforma¬ 
tion  is  consistent  with  this  view  (Dipaolo,  1977)  therefore  the 
large  increase  in  poly(ADP-R)  turnover  and  non-histone-protein 
modification  precedes  any  gross  alteration  (fragmentation)  of  DNA, 
and  is  probably  a  very  early  signal  of  the  precancerous  state. 

This  mechanism  and  its  relationship  to  DNA-repair  is  arf  open, question. 
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4.  Rates  of  Poly(ADP-R)  synthesis  in  cardiocyte  nuclei  as  a 

function  of  age  and  organ-specific  hormonal  influences  in  vivo 
on  rates  of  poly(AOP-R)  Synthesis  In  isolated  cardiocyte  nuclei, 
in  vitro  effect  of  aldosterone. 

We  have  previously  shown  that  poly(ADP-R)  synthesis  in  cardiac 
nuclei  is  two  to  three  times  higher  than  in  livers  (Ferro  and  Kun, 
1976)  of  the  same  animals,  suggesting  a  possible  physiologically 
prominent  function  of  ADP-ribosylation  in  cardiocytes.  With  the 
aid  of  a  specific  separation  technique  cardiocyte  nuclei  were 
isolated  from  a  mixed  nuclear  population  (Jackowski  and  Liew, 

1980)  and  the  effect  of  aging  -  an  expression  of  development  - 
on  rates  of  in  vitro  poly(ADP-R)  synthesis  was  determined. 

Striking  results  were  obtained,  as  shown  in  Fig.  6.  Rates  of 
poly(ADP-R)  synthesis  in  vitro  were  much  higher  in  myocardial 
nuclei  isolated  from  30-day-old  than  from  65-day-old  rats 
(Long  Evans  strain).  These  results  are  in  apparent  variance  with 
an  earlier  report  (Claycomb,  1975)  that  claimed  higher  poly-, 
(ADP-R)  synthesis  In  nuclei  of  older  rats.  Unfortunately 
Claycomb  (1976)  did  not  separate  myocardial  nuclei  from  nuclei 
of  non-myocytes  -  as  done  in  the  present  work  (Jackowski  and 
Liew,  1980)  -  and  It  Is  likely  that  the  fortuitous  relative  en¬ 
richment  of  non-myocyte  nuclei  containing  higher  enzymatic 
activity  than  cardiocyte  nuclei  signalled  a  higher  apparent  total 
enzymatic  activity.  The  possibility  of  this  type  of  artifact 
has  been  actually  considered  by  Claycomb  (1976).  In  general, 
when  rates  of  poly(ADP-R)  synthesis  are  Increased  the  steady  state 


concentration  of  nuclear  NAD4  decreases.  Claycomb  (1975)  observed 

a  decrease  in  NAD+  content  of  cardiac  tissue  of  ycung  animals. 

* 

an  observation  consistent  with  our  results.  The  kinetic  data 
shown  in  Fig.  6  support  the  view  that  aging  markedly  influences 
the  poly  ADP-ribosylation  pathway. 

In  further  studies  we  tested  the  apparent  effects  of  endocrines 
on  nuclear  poly(ADP-R)  synthetase  activity.  The  most  striking 
phenomenon  observed  was  organ  specificity.  Only  myocardial  nuclei 
exhibited  a  hormone  sensitivity,  whereas  liver  nuclei  were  un¬ 
responsive.  As  illustrated  in  Fig.  7  pharmacologic  dose  of 
cortisol  (5  mg/rat)  severely  depressed  the  poly(ADP-R)  synthetase 
activity  of  myocardial  nuclei,  but  not  of  liver  nuclei.  The 
relatively  large  effective  dose  of  cortisol  made  it  Suspect 
that  possibly  a  side  effect  of  this  hormone  (mineralocorticoid- 
like  action)  was  observed.  The  enzymatic  activity  in  myocardial 
nuclei  of  hypophysectomized  rats  was  markedly  diminished  -  as 
would  be  anticipated  -  and  cortisol  at  5  mg/100  g  dose  and  aldo¬ 
sterone  at  5  ug/100  g  dose  further  depressed  activity,  indicating 
that  indeed,  aldosterone  was  the  more  powerful  inhibitory  agent 

» 

in  vivo,  and  the  large  dose  of  cortisol  mimicked  the  effect  Of  the 
typical  mineralocorticoid.  These  in  vivo  effects  are  shown  in 
Fig.  8.  Adrenalectomy  significantly  diminished  poly(ADP-R)  syn¬ 
thetase  activity  of  myocardial  nuclei  and  cortisol  (5  mg/100  g 
rat)  further  depressed  activity  (Fig.  9).  The  effects  of  pituitary 
and  adrenal  hormones  are  clearly  complex.  Presence  of  both 
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pituitary  and  adrenal  glands  are  required  for  optimal  enzymatic 
activity  In  myocardial  nuclei,  but  cortisone  in  large  doses  or 
aldosterone  In  near  physiological  doses  is  inhibitory.  The 
Identification  of  molecular  mechanisms  for  these  phenomena 
depends  on  detailed  analytical  and  enzymological  work,  that  Is 
presently  pursued.  However,  the  organ-specific  age  and  endo¬ 
crine  effects  strongly  support  the  view  that  poly(ADP-R) 
metabolism  has  direct  relevance  to  differentiated  organ  functions 
in  higher  animals. 

The  organ-specific  in  vivo  inhibitory  effect  of  cortisol  and 
especially  of  aldosterone  that  is  demonstrable  in  normal  hypophy- 
sectomlzed  and  adrenalectomlzed  rats  suggested  a  direct  regulatory 
Influence  of  steriods  on  nuclear  poly(ADP-R)  metabolism.  If  this 
Is  a  direct  effect,  the  Inhibitory  influence  should  be  reproducib’e 
in  vitro,  which  was  indeed  the  case.  Preincubation  of  Isolated 
myocardial  nuclei  with  5.96  nM  aldosterone  for  30  minutes  at  0° 
Inhibits  poly(APD-R)  synthesis  as  treatment  of 
rats  in  vivo  with  a  daily  dose  of  5  ug  aldosterone,  indicating 
that  a  true  organ-specific  Inhibitory  effect  of  aldosterone  is 
observed  both  in  vivo  and  in  vitro.  These  results  are  shown  in 
Table  III.  It  Is  unlikely  that  aldosterone  actually  acts  directly 
as  an  Inhibitor  on  the  poly(ADP-R)  polymerase  enzyme.  Our  pre¬ 
sent  working  hypothesis  predicts  a  specific  Interaction  between 
aldosterone  and  a  regulatory  non-histone  protein  that  participates 
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In  the  control  of  the  poly(ADP-R)  polymerase  system.  It  is 
Interesting  that  aldosterone  given  in  vivo  Increases  cardiac 
RNA-polymerase  (Liew,  Liu  and  Gornall,  1972).  We  presume  that  the 
poly(AOP-R)  polymerase-non-histone  protein  modification  system 
plays  an  intermediary  role  in  the  control  of  organ-specific 
transcription. 

5.  Summary:  outline  of  regulatory  sites  and  their  probable 

function. 

A  deterministic  role  of  specific  non-histone  proteins  in  the 
regulation  of  selective  transcription  of  DNA  segments  by  RNA 
polymerases  is  a  plausible  hypothesis  that  may  explain  the 
function  of  the  large  array  of  non-histone  chromatin  proteins 
in  eukaryotes.  The  study  of  poly  AOP-ribosylation  affords  a 
selective  probe  (Minaga  et  al.,  1979)  in  this  field.  The  modifying 
reagent  NAD4  is  the  only  nucleotide  which  posesses  rapid  chemical 
responsiveness  towards  microenvironmental  changes  (i.e.,  oxidation/ 
reduction).  Stress  induced  reduction  of  NAD+  will  necessarily 
diminish  protein  ADP-ribosylation,  as  we  have  observed  it  in  the 
hypertrophic  part  of  the  cardiac  muscle  that  exhibits  significant 
diminuation  of  poly(ADP-R)  content  as  compared  to  the  normal  part 
of  the  same  cardiac  muscle  (Minaga  and  Kun,  unpublished  experiments) 
This  regulatory  effect  of  decreased  poly  ADP-ribosylation  that  is 
presumably  equivalent  to  a  form  of  physiologic  de-repression 
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coincides  with  an  increased  synthesis  of  all  cellular  macromolecules, 
(except  DNA)  resulting  in  hypertrophy.  Much  greater  complexity 
exists  when  the  effects  of  a  carcinogen  or  of  hormones  are  being 
followed.  Because  of  the  large  number  of  non-histone  chromatin 
proteins,  each  potentially  regulating  a  discrete  transcription  of 
DNA-segments ,  no  uniform  relationship  between  the  regulatory 
effects  of  individual  non-histone  proteins  and  their  degree  of 
ADP-ribosylation  is  likely.  It  is  possible  that  activating  effects 
of  certain  non-histone  proteins  (on  transcription)  may  depend  on 
ADP-ribosylation  whereas  with  other  proteins  ADP-ribosylation  is 
Inhibitory.  It  follows  that  it  is  necessary  to  determine  ADP- 
ribosylations  of  all  non-histone  proteins  and  establish  an  organ- 
specific  pattern  related  to  function  before  meaningful  experimental 
questions  can  be  formulated. 

Our  present  information,  regarding  the  role  of  ADP-ribosylatlons 
in  sterol  hormone  action,  suggests  a  possible  connecting  link 
between  the  sterol -specific  nuclear  receptors  (Jensen,  1979)  and 
the  selective  activation  of  RNA-polymerases .  Our  results  with 
aldosterone  in  myocardial  nuclei  projects  a  feasible  experimental 
approach. 

6.- Acknowledgements 

This  work  was  supported  by  research  grants  of  the  American 
Cancer  Society  (8C-304;  RD-89)  and  the  United  States  Air  Force 


Office  of  Scientific  Research  (AFOSR  3698).  Ernest  Kun  is  the 
recipient  of  the  Research  Career  Award  of  the  United  States  Public 
Health  Service,  Alexander  D.  Romaschin  of  a  Fellowship  of  the  National 
Science  Research  Council  (Canada)  and  George  Jackowski  of  a 
Postdoctoral  Scholarship  of  the  Canadian  Heart  Association. 


36 


7.  Bibliography  of  Part  2 

Bradehorst  R,  Goebel  M,  Renzl  F,  Kittler  M,  Klapproth  K  and 
HlIzH  (1979)  Intrinsic  ADP-ribose  transferase  activity  versus 
levels  of  mono(ADP-ribose)  protein  conjugates  in  proliferating 
Ehrlich  ascites  tumor  cells.  Hoppe  Seyler's  Z  Physiol  Chem 
360:  1737-1743 

Bradehorst  R,  Weickens  K,  Gartemann  A,  Lengyel  H,  Klapproth  K 
and  Hilz  H  (1978)  Two  different  types  of  bonds  linking  single  ADP- 
ribose  residues  covalently  to  proteins:  Quantification  in  eukaryotic 
cells.  Eur  J  Biochem  9?:  129-135 

Claycomb  WC  (1976)  Poly(adenosine  diphosphate-ribose)  poly¬ 
merase  activity  and  nicotinamide  adenine  dinucleotide  in 
differentiating  cardiac  muscle.  Biochem  J  154:  387-393 
Dipaolo  0A  (1977)  Chromosomal  alterations  in  carcinogen 
transformed  marmalian  cells.  In:  Ts'o  POP  (ed)  The  molecular 
biology  of  the  marmalian  genetic  apparatus,  vol .  2.  North 
Holland  Publ.  Co.,  Amsterdam  New  York  Oxford,  chapter  18,  pp.  205-227 
Durkacz  BM,  Omidiji  0,  Gray  DA  and  Shall  $  (1980)  (ADP-ribose)n 
participates  in  DNA  excision  repair.  Nature  283:  593-596 
Ferro  AM  and  Kun  E  (1976)  Macromolecular  derivatives  of  NAD* 
in  heart  nuclei:  Poly  adenosinediphospho-ribose  and  adenosine 
dlphosphoribose-proteins.  Biochem  Biophys  Res  Comm  71:  150-154 
Ferro  AM,  Minaga  T,  Piper  WN  and  Kun  E  (1978)  Analysis  of 
larger  than  tetrameric  poly(adenosine  diphosphoribose)  by  a 


37 


radioimmunoassay  in  nuclei  separated  In  organic  solvents. 

i 

Biocim  Biophys  Acta  519:  291*305 

Girl  CP,  West  MHP  and  Smulson  M  (1978)  Nuclear  protein  modifi¬ 
cation  and  chromatin  substructure  I.  Differential  poly(adenosine 
diphosphate)  ribosylation  of  chromosomal  proteins  in  nuclei 
versus  isolated  nucleosomes.  Biochemistry  71:  3495-3500 
Herrold  KM  (1967)  Histogenesis  of  malignant  liver  tumors 
induced  by  dimethylnitrosamine.  An  experimental  study  in  Syrian 
hamsters.  J  Natl  Cancer  Inst  39:  1099-1111 

Jackowski  G  and  Liew  CC  (1980)  Fractionation  of  rat  ventricular 
nuclei.  Biochem  J  188:  363-373 

Jensen  VE  (1979)  Interaction  of  steriod  hormones  with  the 
nucleus.  Pharmacological  Reviews  30:  477-491 

Jump  DB,  Butt  TR  and  Smulson  M  (1979)  Nuclear  protein  mod- 
ificiation  and  chromatin  substructure  3.  Relationship  between 
poly(adenosine  diphosphate)  ribosylation  and  different  func¬ 
tional  forms  of  chromatin.  Biochemistry  18:  983-990 

Kawaichi  M,  Ueda  K  and  Hayaishi  0  (1980)  Initiation  of  poly(ADP- 
ribosyl)  histone  synthesis  by  poly(ADP-ribose)  synthetase. 

J  Biol  Chem  255:  816-819 

Kun  E  and  Chang  ACY  (1976)  Protein-ADP-ribosylating  system 
of  mitochondria.  In:  Shaltiel  S  (ed)  Metabolic  Interconversion 
of  Enzymes  1975.  Springer-Verlag,  Berlin  Heidelberg  New  York, 
p.  156-160 


Kun  E,  Romaschin  AO  and  Blaisdell  RJ  (In  press)  Subnuclear  local 
ization  poly  AOP-ribosylated  proteins.  In:  Sugimura  T  and 
Smulson  M  (eds)  Conference  on  novel  ADP-ribosylations  of  regula¬ 
tory  enzymes  and  proteins.  John  Fogarthy  International  Center  for 
Advanced  Study  in  Health  Sciences,  National  Institute  of  Health 
Lazarides  E  and  Lindberg  V  (1974)  Actin  is  the  naturally 
occurring  inhibitor  of  deoxyribonuclease  I.  Proc  Natl  Acad  Sci 
(USA)  71:  4742-4746 

Leavitt  J  and  Kakunaga  T  (1980)  Expression  of  a  variant  form 
of  actin  and  additional  polypeptide  changes  following  chemical- 
induces  in  vitro  neoplastic  transformation  of  human  fibroblasts. 

J  Biol  Chem  225:  1651-1661 

Liew  CC,  Liu  DK  and  Gornall  AG  (1972)  Effects  of  aldosterone  on 
RNA  polymerase  in  rat  heart  and  kidney  nuclei.  Endocrinology  90: 
488-495 

Minaga  T,  Romaschin  AD,  Kirsten  E  and  Kun  E  (1979)  The  in  vivo 
distribution  of  irrmunoreactive  larger  than  tetrameric  polyadenosine 
diphosphoribose  in  histone  and  non-histone  protein  fractions  of 
rat  liver.  J  Biol  Chem  254:  9663-9668 

Mullins  DW,  Giri  CP  and  Smulson  M  (1977)  Poly(ADP-ribose) 
polymerase:  The  distribution  of  a  chromosome-associated  enzyme 
within  the  chromatin  substructure.  Biochemistry  16:  506-513 
Paul  J  and  Gilmour  S  (1968)  Organ-specific  restriction  of 
transcription  in  mammalian  chromatin.  J  Mol  Biol  34:  305-316 


/ 


39 


Romaschin  AO,  Blaisdell  RJ  and  Kun  E  (submitted)  Increased 
adenosine-diphosphoribosylation  in  vivo  of  nuclear  proteins  in 
precancerous  liver.  Proc  Natl  /cad  Sci  (USA) 

Yukioka  M,  Okai  Y,  Hamada  T  and  Inoue  H  (1978)  Non-preferential 
localization  of  poly(ADP-ribose)  polymerase  activity  in  trans¬ 
criptionally  active  chromatin.  FEBS  Let  86:  85-88 

Zak  R  and  Rabinowitz  M  (1979)  Molecular  aspect  of  cardiac 
hypertrophy.  Ann  Rev  Physiol  4j:  539-552 


at 


4- 

o  o 

at  S 

r* 

i/i  •  E 

in 

• 

O  4->  ’s*^ 

.0  o  ^ 

00 

o 

CO 

flU 

w  a 

•H 

♦4 

+4 

i  • 

co 

CO 

t->  u  • 

00 

• 

• 

j-  ai  + 

m 

Cv 

«4  Q.  O 

</> 

z 

. 

V 

•M  <U 

c  > 

Ot  f“*  / 

CM 

o 

o 

** 

vO 

vO 

*r 

c 

o  ar> 
u  \ 

•H 

•H 

■H 

■H 

(/» 

VO 

o 

o> 

o 

+  ai 

**r 

o 

in 

O  r- 

vO 

«T 

vO 

m 

<  o 

Z  E 

oc 

a. 

c*j  2 

vO 

Ov 

• 

• 

—  u 
ae  <o  at 

GO 

O 

CM 

1 

♦i 

♦i 

M 

CL  •  o 

3Si 

00 

Ol 

o 

co 

in 

• 

• 

CM 

U)  **■ 

*«4 

O 

3. 

< 

s 

!* 

-S£ 

m 

CO 

co 

m 

00 

a:  i 

i  a. 

-H 

*M 

•H 

■H 

§3 

csj 

CM 

CO 

00 

CM 

CM 

co 

w »  W> 

a» 

o 

</» 

-C 

-C 

w 

4J 

4- 

e 

4-* 

c 

4-1 

o 

g 

c 

Q 

c 

vt 

5 

a> 

S 

aj  i/i 

4->  V. 

55 

E  -c 

c  at 

*■4 

CM 

W  4J 

at  *■» 

«TJ  C 

—  --» 

<tl  c 

E  (4 

01  O 

at  g 

5  ! 

L.  S 

u  E 

o 

4-< 

O 

4-* 

0>  -C 

u 

*■4 

i. 

CM 

w 

4-» 

< 

•M 

< 

h- 

c 

z  w 

C 

2!  L 

o 

u 

3:  o 

3  <+» 

3 

X  O 

Q  4- 

■ 

2 

f* 

CM 

LEGEND  TO  TABLE  I 


Eight  male  Syrian  hamsters  were  selected  on  the  basis  of 
equal  body  weight  within  the  chosen  age  groups.  The  hamsters 
(2  animals  In  each  group)  were  deprived  of  food  for  16  hours, 
then  pulse  labelled  with  50  yCi  14C-labelled  ribose  (58  mCi/nmol 
ICN  Pharmaceuticals)  by  intraperitoneal  injection.  Three 
hours  after  labelling  liver  homogenates  were  prepared  in 
citric  acid  and  nuclei  were  isolated.  The  total  radioactive 
material  per  g  liver  homogenate,  prepared  from  the  control 
and  the  DMNA-treated  hamsters,  was  identical.  Quantitative 
isolation  of  (ADP-R)n-protein  adducts  was  carried  out  by 
boronate  affinity  chromatography.  Analyses  of  (ADP-R)n  were 
performed  after  either  chemical  or  enzymatic  hydrolysis  of 
ADP-R-protein  adducts,  followed  by  HPlC-fluorometry  of 
characteristic  nucleotides.  NAD+  was  determined  in  the  post- 
nuclear  supernatant  after  deproteinization  with  5X  HCIO4  and 
isolation  by  HPLC.  The  body  weight  of  groups  1  and  2  were 
80-100  g  and  of  3  and  4,  140-160  g.  Analyses  were  done  in 
triplicates  and  results  show  arithmetic  mean  values  and 
standard  deviation. 
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TABLE  III 

Inhibitory  Effect  of  Aldosterone  In  Vivo  and  In  Vitro 
On  the  Poly(ADP-R)  Synthetase  Activity  of  Myocardial  Nuclei 

Poly(ADP-R) 

Synthetase  Activity 
(nmoles/mg  protein/min) 

In  Vivo 

control  8.8 

aldosterone  (5ug/100  g  rat)  5.6 


In  Vitro 

control  5.6 

aldosterone  (5.9  nM)  3.1  45S 


X  Inhibition 


36X 
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LEGEND  TO  TABLE  III 

In  vivo  effect.  Aldosterone  was  injected  (5  wg/100  g  body  weight) 
intraperitoneally  into  30-day-old  Long  Evans  rats  for  four  days, 
prior  to  the  isolation  of  nuclei.  Control  received  isotonic  saline 
at  the  same  time.  Poly (ADP-R)  synthetase  activity  was  determined 
as  described  in  Fig.  7.  In  all  the  Poly(ADP-R)  synthetase  assay 
the  content  of  nuclear  DNA  per  assay  was  the  same. 

In  vitro  effect  of  aldosterone  on  myocardial  poly (ADP-R)  syn¬ 
thetase  activity.  Myocardial  nuclei  from  30-day-old  Long  Evans 
male  rats  were  preincubated  at  0°  for  30  min.  in  the  presence  or 
absence  of  5.9  nM  aldosterone.  The  system  contained  100  mM  Tris- 
HC1  pH  8.2,  2  mM  DTT,  20  mM  MgC12,  0.1  mM  PMSF,  0.5  mM  EDTA. 

At  the  end  of  preincubation  poly(ADP-R)  synthesis  was  initiated 
by  the  addition  of  labelled  NAD+  (0.5  mM)  and  the  synthesis 
carried  out  at  25°  as  described  in  legend  of  Fig.  7. 
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LEGEND  TO  FIG.  1 

Separation  of  DNA  (60  pg),  RNA  (400  pg)  and  ADP-R-protein  adducts 
by  ultracentrifugation  in  CsCl  gradient.  Time  of  centrifugation  * 

40  hours  at  125,000  x  g  (av.)  at  4°.  (# - •)  *  60  pg  DNA,  (A - A) 

■  400  pg  RNA,  (O - O)  *  1J*C-ribose  (ADP-R)n-protein  counts, 

and  (A - A)  *  protein  content.  DNA  *  thymus  DNA;  RNA  * 

obtained  from  yeast. 


4 


48 


LEGEND  TO  FIG.  2 

Molecular  mass  distribution  of  protein-(ADP-R)n  adducts 
Isolated  from  hamster  nuclei  (control  and  treated  with  DNMA* 
for  1  month)  by  the  affinity  chromatography  method  on  a 
TSK-3000  SW  HPLC  molecular  sieve.  Developing  solvent:  1.5  M 
guanidine-formate,  pH  5.0,  flow  rate  0.4  ml/min. 

A - A  *  control,  • - •  *  dimethylnitrosamine  treated. 


*■ 
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LEGEND  TO  FIG.  6 


Changes  In  Myocardial  Nuclear  Polv(ADP-R)  Synthetase  Activity 
with  Age 

tyocardial  nuclei  Isolated  from  30-day-old  and  65-day-old  long 
Evans  rats  were  incubated  with  14C-NA0+  and  the  incorporation 
of  l4C-NAD+  into  an  acid  insoluble  product  was  monitored  with 
time,  as  described  in  legend  of  Fig.  7. 

•  Myocardial  nuclei  (30  day  old) 

O  Myocardial  nuclei  (65  day  old) 


LEGEND  TO  FIG.  7 


Poly(ADP-R)  Synthetase  Activity  of  Myocardial  and  Liver  Nuclei 
From  Cortisol -treated  and  Control  Rats 


Hydrocortisone  sodium  phosphate  (Hydrocortone,  MSD,  5  mg/rat)  was 
Injected  intraperitoneally  into  30-day-old  Long  Evans  rats  (100  g 
body  weight)  daily  for  4  days,  prior  to  the  isolation  of  nuclei; 
a  control  group  received  isotonic  saline  at  the  same  time.  Poly- 
(ADP-R)  synthetase  activity  in  the  isolated  nuclei  was  monitored 
by  measuring  the  rate  of  incorporation  of  14C-NAD+  into  an  acid  In¬ 
soluble  product.  The  reaction  mixture,  at  25°  C  in  a  volume  of 
235  ul  contained  100  mM  Tris  HC1  pH  8.2,  2  frM  OTT,  20  mM  MgCl2, 

0.1  mM  PMSF ,  0.5.  mM  EDTA,  0.5  mM  NAD+,  2.8  x  107  dpm  of  14C-NAD+, 

80  pg  of  nuclear  material. 

•  Myocardial  nuclei  (control^  f 

A  Liver  nuclei  (control) 

A.  Liver  nuclei  (cortisol-treated) 

O  Myocardial  nuclei  (cortisol -treated) 


(min ) 
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LEGEND  TO  FIG.  8 

The  Effect  of  Hypcphysectomy,  Cortisol  and  Aldosterone- 
treatment  of  Hypophysectomized  Rats  on  Myocardial  Nuclear 
Poly(ADP-R)  Synthetase  Activity 

Hydrocortisone  sodium  phosphate  (Hydrocortone,  MSD;  5mg/100  g 
body  weight)  was  injected  intraperitoneally  into  hypophysectomized 
Long  Evans  rats  daily  for  4  days,  prior  to  the  isolation  of  nuclei. 
Aldosterone  (Sigma;  3  ug/100  g  body  weight)  was  injected  intra¬ 
peritoneally  into  hypophysectomized  rats  following  the  same 
Injection  protocol  employed  for  hydrocortisone;  a  control  group 
consisting  of  normal  rats  and  hypophysectomized  rats  received 
sterile  isotonic  saline.  Poly(ADP-R)  synthetase  activity  was 
monitored  as  described  in  Fig.  7. 

•  Myocardial  nuclei  (control) 

r 

■  Myocardial  nuclei  (hypophysectomized) 

<Q>  Myocardial  nuclei  (hypophysectomized  plus  aldosterone) 

□  Myocardial  nuclei  (hypophysectomized  plus  cortisol) 


LEGEND  TO  FIG.  9 


Hydrocortisone  sodium  phosphate  (Hydrocortone,  MSD;  5  mg/100  g 
body  weight)  was  injected  intraperitoneally  into  adrenalectomized 
Long  Evans  rats  daily  for  4  days,  prior  to  the  isolation  of 
nuclei;  a  control  group  consisting  of  normal  rats  and  adrenal- 
ectomized  rats  received  sterile  isotonic  saline.  Poly(ADP-R) 
synthetase  activity  was  monitored  as  described  in  Fig.  7. 

•  Myocardial  nuclei  (control) 

■  Myocardial  nuclei  (adrenalectomized) 

D  Myocardial  nuclei  (adrenalectomized  plus  cortisol) 


